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Abstract
The continuous miniaturization of electronic systems accompanied by increasing perfor-
mance and functionality leads to an increase in power density. In order to comply this
trend, new heat dissipation concepts are needed which demand new materials and material
composites. An important aspect of this work is therefore the concentration on the mate-
rials that are decisive for the heat flow. This thesis deals with the development of methods
for comprehensive thermal characterization of the different materials and material classes
used in the electronics industry. The measuring systems have been designed and develo-
ped in such a way that they enable to take into account specific application conditions,
no costly sample preparation is necessary and at the same time high measuring accuracy
is ensured. Four different measuring systems were developed and realized within this
work, which, in their entirety, enable the characterization of almost all package materials
under desired boundary conditions. Based on this, numerous materials and effects were
investigated and discussed in the context of this work with the developed measurement
systems.
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Kurzreferat
Die fortschreitende Miniaturisierung von elektronischen Systemen begleitet von steigender
Leistung und Funktionalität führt zur Erhöhung der Leistungsdichte. Um diesem Trend
zu entsprechen, werden neue Entwärmungskonzepte benötigt, die wiederum neuartige Ma-
terialien und Materialverbünde fordern. Ein wichtiger Aspekt dieser Arbeit ist deshalb die
Konzentration auf die für den Wärmetransport entscheidenden Materialien. Diese Arbeit
befasst sich mit der Entwicklung von Methoden für die umfassende thermische Charakte-
risierung von den verschiedenen Materialien und Materialklassen, die in der Elektronik-
industrie verwendet werden. Die Messsysteme wurden so entworfen und entwickelt, dass
spezifische Anwendungsbedingungen berücksicht werden können, keine aufwändige Pro-
benherstellung notwendig ist und gleichzeitig eine hohe Messgenauigkeit gewährleistet ist.
Es wurden vier verschiedene Messsysteme innerhalb dieser Arbeit entwickelt und realisiert,
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1.1 Background and Motivation
Electronic devices are indispensable in our lives. Whether in our communication, mobi-
lity, healthcare, security or in any other field of our everyday life, we are simply dependent
on electronics. Due to this dependency, our expectations and demands on reliability of
these devices are very high.
Fact is that everything becomes electrified from car to toothbrush and every electrical
system becomes electronic and every electronic device becomes more capable, smaller and
faster by each generation. Continuous miniaturization of electronic devices accompanied
by higher integration density demands more efficient heat removal techniques to handle
the increasing power density and rising temperature of hot spots. For this reason, it is
important to investigate thermal properties of all materials used in these devices. Nowa-
days, the electronics industry is using elaborate simulations from the early development
phase to the design of electronic devices, packages and components. Fundamentally im-
portant for this are sufficiently accurate material data. The quality of the simulation
results greatly depends on the quality of the material data used.
Electronic packages consist of several components (i.e. die, die attach, heat spreader, heat
sink, different layers of thermal interface material, substrate, encapsulation etc.). These
components are made of different materials such as:
• metals, which can be bulk, thin film, mono metal or metal alloy,
• semiconductors, which can be highly, low or non-doped silicon, silicon carbide, gal-
lium nitride or gallium arsenide,
• glass as substrate or as dielectric thin layer,
• ceramics as substrate or as filler of TIMs,
11
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• polymers for encapsulation or as matrix of TIMs,
• carbons as heats spreader, TIMs or filler in TIMs.
The range of thermal conductivity of these materials varies from some mW/(m ·K) to
some kW/(m ·K). To provide reliable material data within this huge range of thermal
conductivity, specific characterization methods are needed, as there is no method avai-
lable, which can handle this range of materials with the required accuracy for reliable
simulation results.
One of the major bottlenecks in advanced thermal packaging solutions is represented by
the thermal resistance of thermal interface materials (TIMs). Part of the thermal resis-
tance is governed by the bulk thermal conductivity, another is determined by the interface
resistance [1], [2]. So, development for advanced thermal technology has to focus on an
understanding of heat transfer across bulk and interfaces of thermal interface materi-
als (TIMs), the influences of processing conditions and – as a necessary requirement for
progress – their accurate characterization [3], [4]. Thermal characterization methods for
TIMs narrate a long story of confusion, as results from different characterization methods
often disagree formidably. Even worse, thermal conductivity values will be different when
applied to the real device, likely to cause over-, or more often, fatally under-designed ther-
mal heat paths. The reason for this misjudgment is often that TIM characterization is
done under much too favorable conditions (e.g. polished surfaces, excessive pressure con-
ditions) or disregarding technological influences (e.g. cure regime for adhesives, dissimilar
surfaces). It is therefore of importance to assure characterization under real technological
boundary conditions.
There are many methods available for thermal characterization of thermal interface ma-
terials. The most commonly used method is the steady-state based on ASTM D5470
[5]. Many market available devices were built according to this method. The main dis-
advantage of these instruments is that they do not take application-specific conditions
into account, but were developed to measure the material properties of the bulk material
conductivity. The method tries to eliminate interface resistances by using smooth and flat
surfaces. This approach simply tends to underestimate the contact resistance component
in each specific application [6].
Further methods and measurement techniques for material characterization with their
advantages and disadvantages are described in section 2.2.
One of the challenges of this work is to develop characterization systems that enable the
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characterization of materials with regard to adjustable process and operating conditions.
In addition, it should be a feature that the measurement systems can be adapted to the
commonly available industrial samples and do not require complicated and specially fa-
bricated samples.
The test system for the characterization of thermal interface materials to be developed in
the context of this work is intended to have a significant improvement in resolution com-
pared to commercial steady-state measurement techniques with the same or even better
measurement accuracy. This will be achieved by understanding error sources and using
innovative approaches.
Not only TIM can be characterized with this measuring technique, but also substrates or
multilayer structures. A special feature of the system, which distinguishes it from com-
mercial techniques, is the computer-controlled mode for long-term in-situ investigation of
the ageing behaviour of TIM due to mechanical alternating loads.
The thermal community is constantly on the quest for new thermal interface technologies.
Materials scientists and technologists are constantly developing new classes of materials
that are becoming thinner and thinner and more thermally performing. For example,
silicone based thermal pads are being replaced by indium or VACNT based pads. Also
die attach materials like solder or glue are more and more replaced by new technologies
like sintering. For the characterization of these novel technologies and materials, whose
thermal properties are strongly process dependent, novel measurement techniques will
be developed and implemented within this work, which will be used, among others, to
investigate the process-structure-property correlation (PSPC) of sintered silver in such a
way that has never been done before.
1.2 Objectives and Outlines
This work deals with the development of different characterization techniques for thermal
characterization of almost all materials used in an electronic package. However, due to
the fact that materials getting better and thinner, the bulk values of these materials play
less and less role, instead the influence of the process becomes more and more important.
The main focus will be therefore on characterization of thermal interface materials and
their process-structure-property correlation.
In chapter 2, the state of the art (SoA) of commonly used thermal materials and technolo-
gies will be discussed which will be followed by the description of different characterization
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techniques that nowadays are used for thermal characterization of TIMs and other com-
ponents of electronic packages.
Chapter 3 describes the theoretical basics necessary for understanding the test methods
developed, realized in test stands and applied to representative characterization tasks
within this thesis. Two steady-state test stands and two transient test stands have been
developed and realized.
Chapter 4 will explore a steady-state test stand, the so-called TIMA, which conforms
with the established ASTM standard D5470 [5], but has many remarkable ameliorations
to allow characterization of advanced thermal interfaces materials under real or specific
conditions, as well as characterization of different types of substrates (bulk, multi-layer or
heterogeneous). To maximize the measurement accuracy of the characterization system,
the system will be analyzed to understand the error sources and their influence on the
measured values. Within this work, the resolution and limitation of the developed test
stand will be figured out by systematically studying of measurement error. Furthermore,
several actions and improvements will be developed to overcome the limitation of the
ASTM standard technique.
Since not only the bulk thermal conductivity of TIM is decisive for its thermal perfor-
mance, but also the thermal interface resistance is playing an important role, especially
for thin and highly thermal conductive TIMs. The thermal interface resistance is mainly
determined by the surface properties of the contact media, so it is necessary to charac-
terize the TIMs between similar surfaces as they occur in real applications. TIMA will
offer the possibility to select the surfaces quality of the contact media (material type,
roughness, metallization etc.). Furthermore, TIMA will also allow to investigate TIMs
between silicon and metal surfaces. For this purpose a thermal test chip will be developed,
designed and manufactured.
Results of several materials characterized by the test stand TIMA will be discussed within
this work. Among others, following questions will be answered:
• How does the thermal performance of a TIM change when using silver coated poly-
mer particles instead of bulk silver particles as fillers?
• What bulk thermal conductivity can be achieved by using vertically oriented grap-
hite (VOG) as filler in thermal pads?
• Is thermal conductivity of VOG dependent on the applied pressure?
• How does the thermal conductivity of thermal grease behave when its bond line
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thickness approaches the particle size?
• What influence does the particle volume fraction have on the thermal conductivity
of adhesives?
• What influence does the operation temperature have on the thermal conductivity
of adhesives?
• What influence does mechanical cycle loading have on the thermal conductivity of
thermal compounds (grease and gap filler)?
Materials with high thermal conductivity constitute an important part within the ther-
mal interface materials. However, they cannot be measured with high accuracy by the
common ASTM procedure due to the low temperature gradient and because the thermal
properties of these materials are mostly dependent on the assembly process. For example,
vertically-aligned carbon nanotubes (VACNTs) as a TIM is a promising technology due to
the excellent thermal conductivity of CNTs. However, it has been shown that the effective
thermal conductivity of VACNTs is highly dependent on the assembling process due to
the non-uniform length of the VACNTs [7], [8]. The open question is whether and how the
assembly process influences the thermal conductivity of VACNTs based TIMs. In order
to be able to investigate the VACNT based TIM on package level, a new approach will
be applied for the first time and presented in chapter 5. This approach will provide the
possibility to characterize the VACNT based TIM in the package by replacing the chip
by the thermal test chip, which is also developed and manufactured within this work. For
the characterization the thermal impedance technique is used.
Chapter 6 deals with characterization of highly thermal conductive materials. Common
steady-state systems, which are already on the market, following ASTM standard D5470
[5] or JEDEC standard JESD51-3 [9] are limited to low and medium thermally conductive
materials, due to the small temperature gradients over the tested materials. The ASTM
standard E1225 [10] is a modification of the ASTM standard D5470 to be used for thermal
conductivity measurement of high thermally conductive samples. However, it works only
for solid samples with a certain geometry that allows integration of minimum two tempe-
rature sensors to measure the temperature gradient across the sample. For high thermally
conductive materials such as metals, semiconductors or ceramics, transient flash technique
is usually used [11]. This technique provides thermal diffusivity, from which the thermal
conductivity can be calculated if knowing the density and the specific heat capacity of the
tested material. Within this work, an innovative steady-state test stand will be presented
(chapter 6), which can be used for direct thermal conductivity measurement of package
components such as metallic heat sinks, dies, high thermally conductive substrates, die
attach materials (solder alloys or sintered mono metals). A systematic study of sintered
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silver regarding the correlation between process, structure and property is an important
part of this work. There are several open questions regarding sintered silver die attach.
Some of these questions will be answered within this thesis:
• Can the thermal conductivity of high thermally conductive materials such as sintered
silver be measured by a steady-state method?
• Which influence do the sintering parameters have on thermal and electrical con-
ductivity of sintered silver?
• Is there a correlation between porosity and thermal and electrical properties of
sintered silver?
• Is the Wiedemann-Franz law valid for sintered silver?
Chapter 7 deals with the development of a transient test stand for thermal diffusivity
measurements based on Ångström’s method. The theoretical background of the method
will be explained in detail followed by a study of the effect of heat losses on the results and
ways to overcome them. Furthermore, the implementation of the method in a test stand
will be shown. Finally, results of thermal diffusivity measurements of several materials
will be shown and discussed.
Chapter 2
State of the Art
Chip innovation led in less than a decade to an increase in current density by a factor
of three. In addition, the packaging must be capable to handle switching power in the
range of 500 W/cm2. For this reason, the package needs to be enhanced: New die at-
tach materials, new thermal interface materials and new interconnect technologies on chip
topside must be developed. New and cost-effective packaging materials and production
concepts are also needed for competitiveness reasons. A new requirement follows the
trend of improved cooling concepts for multi-chip modules, sometimes even resorting to
3D packaging architectures for the smallest form factor. This means that the packaging
must follow a further system miniaturization (trend towards embedding technologies, he-
terogeneous integration and power SiP).
There are several technologies of electronic packages. The selection of packaging techno-
logies as well as the materials and components used for, depends on the application fields
of this packages. Figure 2.1 shows exemplary schematics of different packages where
different types of TIMs and die attach materials are used in.
Automotive applications for power electronics is increasing rapidly due to hybrid and
full-electric vehicles. The automotive industry has specific requirements for its power
electronic systems such as compact design, high reliability and extremely low cost to
power ratio. A typical automotive power electronics package consists of a power SiP con-
nected to heat sink using grease, pads or gap filler as TIM.
Some RF applications such as global navigation satellite systems are facing heat remo-
val challenges of several 100W/cm2 hot spots. For such application the only option is
the selection of high performance TIM to cool this RF modules under weight, size and
reliability (harsh environment) boundary conditions typical for avionics systems. In RF
application, wide-band gap (WBG) semiconductors (e.g. GaN, SiGe, GaAs) are used,
which provide higher frequency, higher power, higher operation temperature, lower losses
17

















































Figure 2.1: Schematic illustration of different electronic packages. a) Flip chip and BGA
package with topside cooling, typical for micro processor application. b): Power SiP for au-
tomotive and industrial application. c) Power module with double side cooling (air and water
cooling) for high power application. d) MOSFET sintered or soldered on DCB, typical power
module for automotive application. e) Power LED package, direct chip attach by Chip-on-Board
technology. f) QFN package with exposed thermal pad, typical package for consumer electronic
application
and smaller system size than Silicon. WBG semiconductors exist as bulk materials but
usually are grown as thin layers on Si or SiC substrate. As die attach materials, sintered
silver, high temperature solders or VACNTs are typically used.
In the solid state lighting (LED) sector, the LED chip is normally mounted on a heat
spreader using an eutectic solder or adhesive as die attach material and the heat spreader
placed onto thermally enhanced organic substrate. According to the OIDA roadmap1, it
is expected that the power density on die level for high power LED increases to levels
of 500 to 1000 W/cm2 by 2020. For such high power density, it is clear that the ther-
mal path from die to heat transferring surface must be efficient with minimum thermal
resistance and maximum heat spreading. This can be achieved by reducing the layers
between die and heat sink using Chip-on-Board (COB) technology, where the LED chip
is directly attached to a highly thermal conductive substrate (e.g. IMS, AlN-DCB) using
highly thermal conductive die attach materials.
1An OIDA technology roadmap update 2002, November 2002, Optoelectronics Industry Development
Association, Washington, USA
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A summary of these and other applications of electronics is given in table 2.1.
Table 2.1: Overview of application fields for electronics devices with their typical requirements
and properties

















































































sintered silver, CuSn/eutectic solders, TLPB eutectic solders, adhesives
Typical
TIM2
grease, pads, gap filler, adhesive, sintered silver adhesive, Pads, PCM
Lifetime
demands
30 years 25 years 20 years 20 years 15 years 3-5 years 5-8 years
2.1 SoA of thermal interface materials
Thermal Interface Materials (TIMs) play a key role in the thermal management of va-
rious electronics packages. All interfaces between different components in an electronic
package (e.g. chip, heat spreader, substrate, heat sink etc.) exhibit a finite roughness,
they may increase the Kapitza resistance when joining two surfaces. TIMs serve to fill
the gap between the two adjoining surfaces.
Figure 2.2 (left) illustrates the contact of two surfaces with and without TIM. The right-
hand diagram in figure 2.2 presents measurement results of the interface resistance of two
surfaces as a function of the pressure with and without TIM. The pressure is applied
perpendicularly to the interface. The contact media had a surface roughness Rz = 2 µm.
It can be seen, that the thermal resistance decreases by a factor of 10 when filling the gap
with a TIM.





























Figure 2.2: Schematic illustration of joining two rough surfaces with and without TIM (left);
owner measurement of thermal interface resistance with and without TIM (right).
TIMs are the bottleneck of the heat path in an electronic package as the thermal conducti-
vity of the TIM is one to two orders of magnitude lower than the thermal conductivity of
most of the package components (e.g silicon chip, copper heat spreader, aluminium heat












Figure 2.3: Schematic illustration of heat flow path in an electronic package.
In table 2.2 the thermal resistances of the package components and their thermal budget
has been calculated using typical materials and geometry. To visualize the importance of
the TIM for the thermal management, the thermal budget (portion of the total thermal
resistance) of the different package components has been calculated. Figure 2.3 shows
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a schematic of an electronic package consisting of a silicon chip soldered (TIM1) onto a
copper heat spreader, which is mounted onto an aluminium heat sink using a thermal
grease (TIM2). The total thermal resistance between junction and ambient is the sum of
the thermal resistances of chip, TIM1, heat spreader, TIM2 and heat sink.
Table 2.2: Thermal resistance of electronic package components and their proportions of the











Chip Si 149 300 2.01 16
TIM1 Solder 50 20 0.40 3
Heat spreader Cu 380 200 0.53 4
TIM2 Grease 5 50 10.0 77
Package 570 12.9 100
It can be seen in table 2.2 that the thermal resistance of the TIMs is around 80% of the
total thermal resistance of the package.
It has to be mentioned that the criteria for the selection of TIMs are not limited to the
thermal performance. There is a large number of factors to be taken into account for
both fabrication and application of TIMs. The following list shows the most important
criteria for selection of TIMs:
Thermal properties:































Environmental and recycling process
Contaminant
In general, TIMs consist of highly conductive fillers, e.g. CNTs, graphite/graphene or ot-
her nano or mirco particles, which are added to mechanically conforming and much poorer
thermal conductivity polymers, phase change materials or epoxy matrix. The mixing ratio
between particles, particle size, particle shape and matrix determines the material pro-
perties. The compromise is that sufficient filler must be introduced to achieve adequate
thermal conductivity by reaching the percolation threshold without making the material
so stiff that it does not form a thin bond line or displace the air trapped in the grooves
and imperfections of the mating surfaces. For example, mixing larger and smaller particle
as filler materials leads to reducing the interface resistance between the particles and the
mating surfaces, as the particles can produce a conforming surface, when they are smaller
than the roughness of the mating surface. On the other hand the bulk thermal conducti-
vity of the material decreases due to the high number of interface between the particles.
Figure 2.4 presents schematically the important rules to be taken into account by designing
and applying TIMs.
1. Percolation: heat flows mainly through the filler, as the thermal conductivity of the
filler is two or three order of magnitude higher than the thermal conductivity of
the matrix. The packing density of the filler particle can be enormously improved
with increasing modality. A simple rule describing the order of magnitude of the
increase or even the value of the packing density cannot be established, since a small
variation of the width or the proportion of a fraction can have enormous effects on
the overall structure of the particle size distribution. It is therefore necessary to
know the actual distribution functions of the individual fractions and to recalculate
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Figure 2.4: Schematic TIM Golden Rules
the packing coefficient in each case for comparison purposes and trend statements
[12]. The packing density of the filler has not only impact on thermal conductivity
but also on the processability and and reliability of the material.
2. Filler size: the diameter of filler particle has a significant influence on the overall
thermal resistance and the thickness of the bond line. Larger particles increase the
bulk thermal conductivity but it cannot be applied in thin bond line.
3. Matrix densification: Matrix normally have chemical and/or thermal shrinkage.
This has the positive effect that particles have more contact with each other, but
also the negative effect that stress can occur in the TIM layer, which affects the
reliability.
4. Contact resistance (incl. Kapitza): The particle-to-particle contact and the particle-
to-surface contact are point contacts due to the shape of the particles. This contact is
the major heat removal bottleneck. To improve this contact, innovative technologies
are used, such as surface functionalization or by building necks between the particles.
This can be achieved by means of hierarchical self-assembly of micro-nano-sized
particles using centrifugation and capillary-bridging [13].
5. Aspect ratio: The filler’s aspect ratio is another factor for the conductivity of a
composite, since the large aspect ratio fillers easily form the bridges between them,
known as conductive networks. The formation of random bridges or networks of
conductive particles facilitates electron and phonon transfer and leads to high con-
ductivities. In addition, there are practical limits to the loading of the maximum
packaging fraction, which often leads to problems in terms of processability and
mechanical performance. This means that a hybrid filler system with large net-
work formation is necessary for the preparation of next generation heat dissipation
materials [14].
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6. Alignment: alignment of filler in a TIM as a bridge between the two mating surfaces
is the most effective way to achieve excellent heat transfer. The challenge herewith
is the bonding between the filler and mating surface.
The following chapter will review the current status and future trends of commercial and
advanced TIMs, including polymers, carbon and metal based TIMs.
2.1.1 Thermal greases
Thermal greases are usually comprised of two primary components, i.e. matrix polymer
and filler. Silicone is commonly used as matrix for its good thermal stability, wetting
characteristics and low modulus of elasticity [15].
SiO2-spheres 1.5 µm SiO2-spheres 11 µm SiO2-nanoparticles 12 nm
Al2O3, 10 µm Ag-flakes 2 µm CNT
Figure 2.5: SEM images of different fillers of thermal grease [16].
Ceramics such as Al2O3, AlN, ZnO, SiO2 and BeO are used as fillers due to their mo-
derate cost and good dielectric properties. For electrically conductive thermal greases,
metallic fillers such as Ag are usually used. The proportion of the filler affects the thermal
performance and the rheological properties of the grease. The higher the filler percentage,
the greater the thermal conductivity and the higher the viscosity of the grease. The SEM
images in figure 2.5 show different types of fillers (SiO2, Al2O3, Ag, CNT) which are
commonly used to improve the thermal conductivity of TIMs with polymer matrix.
The main advantages of thermal grease are: excellent wetting, relatively high bulk thermal
conductivity, thin bond line with minimum attach pressure and reworkability [15].
The main disadvantage of thermal grease is its susceptibility to the so-called "pump-out"
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effect, which occurs due to movement of contact surfaces driven by the mismatch of their
coefficient of thermal expansion (CTE) [17]. The grease, which may be forced out of the
interface, can lose the thermal contact and contaminate neighbouring components [18].
Thermal grease can also dry out over time due to the separation of the fillers from the
polymer matrix at elevated temperatures [19].
2.1.2 Thermally conductive adhesives (TCA)
An adhesive as thermal interface material has the advantage compared to thermal grease
that it creates both a thermal and mechanical connection without the requirement of
mechanical clamping. Thermally conductive adhesives comprise a thermosetting polymer
matrix and fillers and can be found as one- or two-component system. Different types
of thermosetting polymers are usually used, which mainly differ in curing properties and
operation temperatures. Adhesives are cured to allow for cross linking of the polymer
which provides the adhesive property. A thermal adhesive can be electrically insulating
by using non electrically conductive fillers such as Al2O3 or AlN, or electrically conducting
by using electrically conductive fillers such as Ag.
2.1.3 Gap fillers
Gap fillers are one of the largest segments of the thermal interface market [20], they
are normally used to fill large gaps up to several millimetres, for example, to connect
components with high topography and/or stack-up tolerances to a universal heat sink or
housing. Gap fillers are existing either as soft pads in different thicknesses or as liquid
filling material, which can be one- or two-component. Gap fillers are not designed to be
a structural adhesive. After the curing, they are normally softer than typical adhesives
and harder than thermal greases. This makes the gap fillers resistant against the so-called
pump-out effect.
2.1.4 Phase change materials (PCM)
Phase change materials comprise low temperature thermoplastic polymers that typically
melt at 50◦C−80◦C [18] and appear in a variety of configurations with fillers to enhance
their thermal conductivity. Phase change materials can also be based on alloys melting
at low temperatures. Generally, phase change materials are designed to have a melting
temperature below the maximal operation temperature of the electronic component [21].
Polymeric phase change materials usually exist as thermal pads which are solid at room
temperature and easy to handle. As the electronic component reaches its operation tempe-
rature, the pads become softer and start to flow like a fluid into the gaps in the interfaces.
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Phase change materials have the advantage over thermal grease that they generally do
















Figure 2.6: Schematic of PCM structures; left: initial state (solid matrix); right: at operation
temperature (liquid matrix).
Metallic phase change materials consist of low melting point metal alloys (LMAs), which
are usually alloys of gallium, indium, bismuth and tin [22], [23]. Several studies of low
melting point metal alloys as TIM have been reported in [24], [25] and [26]. The studies
showed that LMAs have a thermal conductivity an order of magnitude higher than tradi-
tional TIMs and extremely low thermal resistances at small contact pressure and at thin
bond line.
2.1.5 Carbon based TIMs
Carbon based materials such as graphene and carbon nanotubes (CNTs) are directly
used as TIMs or as filler in composites due to their extremely high thermal conductivity.
For graphene a thermal conductivity of 2000 W/ (m ·K) [27], for single-walled CNTs of
6000 W/ ( m ·K) [28] and for multi-walled CNTs of 3000W/ (m ·K), respectively [29]
have been reported. Different types of carbon based materials including graphite, amor-
phous carbon, and carbon nanotubes have been used as fillers to improve the thermal
conductivity of the TIMs [30], [31], [32]. However, when carbon based materials such as
CNTs are added to a polymer matrix, the enhancements of thermal properties are less
than expected [33]. The CNT dispersion in the matrix or the defects of the CNTs may be
responsible for these poor properties. Figure 2.7 shows a schematic of CNTs in a polymer
matrix. The heat path through the highly conductive CNTs between heat source and heat
sink is partially interrupted, which leads to an increase of the effective thermal resistance
of the TIM layer.
To overcome this limitation and take advantage of the excellent thermal conductivity of
the CNTs, several research groups are working in different technological processes such as
arc discharge, laser ablation or chemical vapor deposition (CVD) to grow CNTs on flat
substrates, in which all the nanotubes have a similar orientation. These results are called







Figure 2.7: Randomly distributed carbon nanotubes in polymer matrix (left: SEM image,
right: schematic).






Figure 2.8: Vertically aligned carbon nanotube (left: SEM image (Source: Van Hooijdonk et
al; licensee Beilstein-Institut), right: schematic).
The effective thermal conductivity of the VACNT depends on density, quality of the tubes
(defects), poor interaction with CNTs and metals or polymers . However, the bottleneck
of the heat path is the contact resistance between the free end of the VACNTs and the
target surface due to the non uniform length of the VACNT and the rough surface of
the substrate. Several methods have been proposed to deal with this issue, such as the
application of pressure on the interface [8] or the thermocompression bonding, which uses
a metal as an interface material between the CNT and the substrate [35], [36]. However,
the industrial approach yielding the best results is the use of a heated polymer thin film
as an adhesive layer at the CNT-substrate interface [7].
Several studies about the effective thermal resistance of VACNTs between two substrates
have been reported. Xu and Fisher [37] found the thermal resistance of dry contact of
CNT arrays (Cu-VACNT-Si) to be about 19.8 mm2 ·K/W at 445 kPa. However, they
found that the addition of a PCM to the free end of CNT array (Cu-PCM-VACNT-Si)
substantially reduces the thermal resistance. At 350 kPa, the lowest resistance recorded












Figure 2.9: Different methods for assembly of VACNT; left: dry contact; middle: by applying
pressure; right: gluing by thin polymer layer.
was 5.2 mm2 ·K/W, while the lowest resistance recorded for the PCM compound without
CNTs was 16.2 mm2 ·K/W. In [38], an effective thermal resistance of 1 mm2 ·K/W has
been reported where a thin indium layer has been used to connect the VACNT to a Cu
substrate.
One of the disadvantages concerning the use of VACNT as TIM is the extremely high
temperature of over 600◦C needed to grow the CNTs, which does not allow direct synthesis
on electronic packages. Another concern is the weak adhesion between the CNTs and the
substrate, on which the CNTs grew [39].
2.1.6 Die attach materials
Die attach materials (also called TIM1) are used to connect the chip to a substrate or
lead frame. In addition to the thermal conductivity requirements, die attaches should
also be electrically conductive. Therefore, solder, metallic and metal filled polymers are
dominating the sector of die attach materials. Soldering is the established technology for
die attach. A solder material should have a reasonably low melting point not to cause
damage to electronics but not too low not to melt during the operation. Solder should
be electrically and thermally conductive as well as environmentally friendly. Until the
end of the 1990s, lead-based solders were typically used in the electronics industry due to
their relatively low melting temperature. In recent years, efforts to develop alternatives to
lead-based solders have increased dramatically. These efforts began as a response to po-
tential legislation and regulations restricting lead usage in the electronics industry. Lead
is extremely toxic when inhaled or ingested. As researchers began to focus on lead-free
solders, they recognized their value in high temperature applications (e.g. automotive)
where Sn/Pb solders do not meet the requirements. There are many factors to consider
when developing lead-free alloys. These include manufacturability, availability, reliability,
cost and environmental safety. Of these, the most challenging and time consuming is
the reliability of alternative solders [40]. In table 2.4, melting temperature and thermal
conductivities of some common solder alloys are shown.
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AuSi (97/3) 363 27 [41]
AuSn (80/20) 280 57 [41]
SnCu (99.3/0.7) 227 65 [42]
SnAg (96.5/3.5) 221 78 [41]
SnAgCu (95.6/3.5/0.9) 217 60 [42]
SnAgCu (95.5/3.5/0.7) 215-217 60 [42]
SnPb (63/37) 183 50 [41]
One of the most important reactions in the solder process is the intermetallic phase (IMP)
between solder alloy and surface finish of substrate. Intermetallic phase or intermetallic
compound (IMC) is defined as solid phase containing two or more metallic elements, whose
crystal structure differs from that of the other constituents. For intermetallic phases the
bonding between solder alloy and metallization of substrate is important. For example
for SnAg solder alloy, Cu surface is best suited as Sn and Cu form the intermetallic
compound Cu6Sn5 and Cu3Sn. IMP is hard and brittle, i.e. it has high yield stress, high
melting temperature and high stiffness. The intermetallic compound is responsible for
the mechanical contact after soldering. It is a time and temperature dependent process,
however the temperature has a higher influence on the growth rate of the IMP.
Figure 2.10: Cu-Sn phase diagram (Source: H. Baker et al., Alloy Phase Diagrams)
2.1 SoA of thermal interface materials 30
The effect of intermetallic phase (IMP) is used to create a solder process for high tem-
perature application. By the so-called transient liquid phase bonding (TLPB) the whole
solder layer is converted into intermetallics to obtain the compound with a higher melting
temperature.
For example, when tin-based solder with the melting temperature of 217◦C is plated be-
tween two Cu substrates and bonded under pressure and higher temperature than the
eutectic temperature of the Sn, the Sn and the Cu will form the intermetallic compounds





















Figure 2.11: Process flow of transient liquid phase bonding. a: Sn bonded between Cu-
substrates. b: Growth of Cu6Sn5 due to repaid diffusion of Cu into Sn to form liquid phase.
c: Interdiffusion under temperature, Cu6Sn5 form until all Sn is consumed. d: Further inter-
diffusion under temperature, Cu3Sn form at interfaces. e: Cross section image, all Sn has been
transformed and results in solder joint with melting temperature of 415◦C [43].
Another promising die attach technology is sintering. Sintering is a method to compact
and form a solid mass of materials from powder by heat and/or pressure without melting
it to the point of liquefaction. Compared to soldering, sintering does not require a phase
change. The link between the particles are governed by diffusion mechanisms to form
first a porous material and then to reduce the porosity [44]. Silver sintering as die at-
tach concept attracts increasing interest for technology fields like power electronics. The
main advantages of sintered silver layer are the high thermal conductivity and the high
temperature stability of the bond. The bonding temperature is similar to the bonding
temperature of solders (300◦C). However, the sintered silver bond withstands much hig-
her working temperature in comparison to solder, due to the high melting temperature of
silver of 961◦C [4].
Physical properties (thermal, electrical and mechanical) of sintered silver depend on the
porosity of the sintered joint, which on the other hand depends on the sintering para-
meters (pressure and temperature). Fully dense sintered silver interconnects are difficult
to achieve. Up to a few tens of percent of porosity seem typical as reported in [45] and
[46]. Additionally, lower applied pressures for sintering are continually being aimed, so
resulting porosity in these sintered joints are likely to be higher. For example, it has been
reported in [47] that porosity ranges between 5-20% when the pressure used in sintering
was varied. These results have been also confirmed within this work (see section 6.5.2).
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2.2 SoA of thermal characterization methods
Several experimental techniques exist for thermal characterization of materials and com-
ponents used in electronics industry. Due to the fact, that the different material classes
and their properties cannot be characterized by one method, different types of techniques
are needed, which enable characterization of the different material classes having diffe-
rent mechanical properties as well as different thermal properties which are mainly bulk
thermal conductivity, effective thermal conductivity, thermal resistance, thermal inter-
face resistance, thermal diffusivity, heat capacity, and all these properties as function of
temperature, pressure, surface finishes etc. In the following, the most important charac-
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Figure 2.12: Overview of thermal characterization methods.
As illustrated in figure 2.12, macroscopic layers underlie quasi-static process and can
be typically characterized by steady state methods such as hot-cold-plate method. For
materials with higher thermal diffusivity with temperature changes between a few µs up to
a few seconds, transient techniques are used, this transient techniques can be pulse based
methods such as flash method or modulated methods such as 3ω method or Ångström’s
method. For even more rapid thermal processes, as can be expected for nanoscale layers
and geometries below the Fourier Law’s limit size effects (e.g. phonon confinement or
ballistic heat transport) phonon-based methods such as time-domain thermoreflectance
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(TDTR) or Frequency domain thermoreflectance (FDTR) are expected to be applied.
2.2.1 Steady-state techniques
The steady-state method is commonly used and in principle the simplest way to measure
thermal resistance and conductivity of thermal interface materials (TIMs). The sample
has to be positioned between a hot and a cold plate with constant temperatures, whereby
a temperature gradient arises across the sample and heat flows through the sample. To
determine the thermal resistance of the sample the heat flow and the temperature gradient
have to be measured. The steady-state method for TIM characterization has been defined
in several standards. The mostly used, well known and often imitated method is the
standard ASTM D5470 [5], which is a testing method with almost one-dimensional heat
flow, in which the sample is placed between two metal cylinders with co-planar surfaces.
One cylinder is heated while the other one is fixed on a cooler. Uniform heat flow is
established through the two cylinders and the sample. Heat flow and temperature gradient







































Figure 2.13: Schematic of steady-state methods for thermal characterization of TIM and solid
materials. Left: ASTM standard D5470. Middle:JEDEC standard JESD51-3. Right: ASTM
standard E1225.
A further steady-state method used for TIM characterization is based on the JEDEC
standard JESD51-3 [9]. In this method, the TIM is tested between a thermal test chip
(TTC) and a heat sink. The thermal test chip consists of heater and temperature sensor
and is assembled onto the substrate by flip chip technology. Such type of device is also
called thermal test vehicle (TTV). By measuring the junction temperature of the chip and
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temperature of the heat sink, the thermal resistance of the TIM including the thermal
interface resistances to chip and heat sink can be calculated.
In chapter 4, the newly developed measurement techniques will be presented which over-
came different insufficiencies of the above mentioned standard methods with respect to
several technical applications.
The steady-state method can be also used for thermal conductivity measurement of solid
samples based on the ASTM standard E1225. The measurement principle of this method
is similar to the ASTM standard D5470, which is described above. However, the tempe-
rature gradient of the sample is measured direct in the sample using temperature sensors
integrated in defined distance in the sample. This technique is limited to homogeneous
and solid samples with certain geometry that allow integration of temperature sensors.
For thermal characterization of thin samples such as metal foil or ceramic plate, in which
temperature sensors cannot be integrated, an innovative steady state technique has been
developed and realized within this work. This will be presented in chapter 6.
2.2.2 Transient flash method
The flash method (also known as laser flash method) is a transient and contactless met-
hod for measurement of thermal diffusivity of solid uniform materials. The method was
developed by Parker et al. in 1961 [11]. One side of the sample is irradiated by a short
energy pulse from a laser or a flash lamp. The time-dependent temperature rise at the
sample backside is measured by an IR detector. Figure 2.14 shows a schematic of the


















Figure 2.14: Schematic of laser flash set up for thermal diffusivity measurement of solid samples
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The thermal diffusivity (α) of the sample is calculated from the temperature rise of the
backside of the sample by following equation:




where, L is the thickness of the sample and t1/2 is the time to the half of the maximum.
Using equation 2.1 the thermal conductivity λ can be obtained through the expression of
equation 2.2
λ= α ·ρ · cp (2.2)
where ρ is the density and cp is the specific heat capacity of the sample. The work of
Parker et al. [11] has been further developed by Cowan in 1963 by introducing corrections
for non-adiabatic measurement conditions [48].
The laser flash technique can also be used for characterization of heterogeneous and
multilayer samples. In [49] and [50] methodology for this investigation was derived. The
technique is based on measuring the effective thermal diffusivity of the heterogeneous
structure or multilayer samples, which are treated as homogeneous material. Using an
iterative algorithm, the total thermal resistance Rth of a multilayer can be extracted. The
multilayer may also consist of TIM layer sandwiched between two substrates with known
thermophysical properties (thermal diffusivity, density and specific heat capacity). The
total thermal resistance Rth includes the thermal resistance of the TIM Rth,TIM and two
interface resistance Rth,int (TIM to substrates).
Rth = Rth,TIM + 2 ·Rth,int = BLT
A ·λTIM + 2 ·Rth,int (2.3)
Hence, by variation of the bond line thickness (BLT) of the TIM its bulk thermal con-
ductivity λTIM and the interface resistance Rth,int can be extracted by linear regression
of Rth versus the BLT [51], [52].
2.2.3 Thermal impedance techniques
Thermal impedance Zth is defined as the difference in temperature between two isother-
mal surfaces divided by the heat flow entering the hotter of the two surfaces. Thermal
impedance at thermal equilibrium is synonymous with thermal resistance. When deter-
mining the thermal impedance, the powering condition and duration must be specified,
whereas thermal resistance is only defined at thermal equilibrium. Defining Tj and Tx as
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the hot and cold isothermal surface temperatures respectively and the total heat flow rate






Thermal impedance is simply thermal resistance without the condition of equal heat flux
across both isotherms. This inequality occurs when heat capacitances between the isot-
hermal surfaces are storing heat energy prior to thermal equilibrium [53].
The thermal impedance concept is analogous to electrical impedance. Electrical impe-
dance includes resistances, capacitances and inductances. However, capacity and induc-
tance occur only in transitional periods. For direct currents only the presence of resistance
is apparent. This situation is precisely analogous to thermal impedance although electri-
cal inductors have no thermal analogy.
Measurement of thermal impedance is widely used for thermal characterization of electro-
nic packages. One of the important values for package characteristic is the junction-to-case
thermal resistance RthJC , which comprises the thermal resistance of all layers between
the chip and the case of the package that is normally mounted onto the heat sink.
The junction-to-case thermal resistance RthJC can be determined by measuring the junction
temperature of the chip Tj , the case temperature Tc and the heating power dissipation P
at steady-state condition. RthJC can be determined according to equation 2.4. Another
method to determine the junction-to-case thermal resistance is by measuring Zth as a










Figure 2.15: Schematic of electronic package showing the package layers from chip to heat
sink
To record the heating curve, the heating of the device should be done simultaneously with
the sensing of the temperature at the junction level of the chip. For the cooling curve,
the device is heated to steady-state and then switched off while the junction temperature
is recorded (see figure 2.16).









Figure 2.16: Transient temperature curve. Left: heating curve. Right: cooling curve
From the heating or cooling curves the thermal impedance curve over the time can be









Due to the fact that the temperature sensitive element of some semiconductor devices
(e.g. MOSFET, IGBT) cannot be used during the operation, the recording of the cooling
curve is often more convenient.
The thermal impedance curve (Zth(t)) provides valuable insights into the cross sectional
disposition of thermal resistances and capacitances within the component.
There are several methods to determinate the junction-to-case thermal resistance from
the thermal impedance curve. The simplest and mostly used method is the so called
"Dual Interface Method", which is covered by the JEDEC Standard JESD 51-14 [54].
The thermal impedance of the package is measured under different conditions e.g. with
and without TIM2 (TIM between substrate and heat sink) and plotted over the log time
scale, the junction-to-case thermal resistance is the point of the separation of the curves
(figure 2.17).
This approach can also be used to measure bulk thermal conductivity (λbulk) of the TIM.
Through variation of the TIM thickness, the increase of the total thermal resistance (Rth)
represents the thermal resistance of the additional TIM thickness. Plotting the total
thermal resistance of the package over the TIM thickness results in a linear function, the




where A is the cross sectional area of the contact.






































































Figure 2.18: Left: thermal impedance curves of electronic package with TIM in different
thicknesses. Right: total thermal resistance of the package (Rth) as function of the TIM bond
line thickness (BLT), the bulk thermal conductivity of the TIM (λbulk) results from the slop
Another well-known method to extract the thermal resistance of each layer between the
heat source and heat sink of the package is the so-called structure function analysis
method, which transforms the thermal transient measurement result into a thermal ca-
pacitance vs. thermal resistance profile, providing detailed thermal information of each
layer from junction to ambient [55], [56].
Structure function is direct model of one-dimensional heat flow. It is an interpretation
of the thermal impedance of a Cauer network, which is transferred from Foster network.
Foster model is accessible from mathematical point of view as it does not contain any
complicated calculation, however carrying no physical signification. In contrast, Cauer
model corresponds to physical structure. However, they are challenging to interpret.
Structure functions are a graphical representation of hard to interpret Cauer model.
Considering a electronic package mounted on a heat sink and consists of four layers, i.e.
chip, die attach, substrate and TIM (figure 2.19 (a)). First the package is modelled in
its equivalent Cauer network. If the layer stack is divided into numerous slices with a
thickness of ∆x each along the heat flow, i.e. from the junction to the heat sink, each
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slice can be modelled as resistance and shunt capacitance in a Cauer network (figure 2.19
(b)). The cumulative structure function defines this infinite Cauer ladder directly. As
∆x→ 0 number of stages in the Cauer network tends to infinity. The cumulative structure
function starts with the junction at the top most end, which is the source of heat and ends
at the point of singularity, i.e. an ideal heat sink on the bottom most end. The y-axis i.e
CΣ =
∑n
i=1Ci with units [J/K] is sum of Cauer capacitances and is in logarithmic scale.
The x-axis, i.e RΣ =
∑n
i=1Ri with units [K/W] is the sum of Cauer resistances and in

















Figure 2.19: (a): Schematic of package layers, (b): network representing the layer, (c): graphi-
cal representation of the network, i.e. cumulative structure function
2.2.4 Three-omega method
The 3ω method is an alternating electrical current technique to measure the thermal
conductivity of bulk materials as well as thin films in micro- to nanoscale [57], [58], [59],
[60]. The method was developed in the beginning of the 20th century. However, it became
popular in the Nineties of the 20th century thanks to David Cahill, who derived the ana-
lytical solution of the temperature amplitude for a heater substrate system to determine
the thermal conductivity of the substrate [61], [62]. Contemporary literature dealing with
the 3ω method refers mostly to Cahill’s prominent work.
The 3ω method uses a thin wire of metal with a preferably high temperature coefficient
of resistance. The metallic wire is deposited onto an electrically insulated substrate with
four contacts for electrical measurement.
Figure 2.20 shows a typical set-up, where the metal strip, which acts as heater and
thermometer, is driven by an alternating current I(t) with angular frequency ω
I(t) = I0 · cos (ωt) (2.8)







Figure 2.20: Typical layout of a 3ω structure as used in many applications for measurement
of thermal conductivity
where I0 is the current amplitude passing through the heater. Due to the Joule heating,
the electrical resistance of the metallic strip is changing. The power P is defined as
P (t) = R(t) · I2(t) (2.9)
⇒ P (t) = R0 · I20 · cos2 (ωt) (2.10)
⇒ P = 12 ·R0 · I
2
0 · (1+ cos (2ωt)) (2.11)
By the reason, that the resistance of the heater is linearly proportional to the temperature
rise of the heater, the general temperature rise of the heater and the surrounding materials
is also composed of two components, a steady-state part T0 and an alternating part ∆T .
The general temperature rise can be written as:
T (t) = T0+∆T · cos (2ωt+ϕ2ω) (2.12)
where:
• T0 is the steady-state temperature, increasing due to time independent component
of power P0
• ∆T is the temperature oscillation by the time dependent components of power P (t)
• ϕ2ω is a phase shift.
Figure 2.21 shows exemplarily the heating power and the general temperature behavior
of the heater as function of the time.
The general temperature profile and the phase shift in the heater depends on the thermal
diffusivity of the sample, on which the heater is deposited.








Figure 2.21: Heating power and temperature behavior of the heater as function of the time.
Due to its temperature dependency, the resistance of the heater R increases by the steady-
state temperature T0 to R0 and oscillates with the amplitude ∆R around this resistance
at the modulated frequency 2ω.
R(t) = R0+∆R · cos (2ωt+ϕ2ω) (2.13)
Substitution of equation 2.8 and 2.13 into Ohm’s law leads to the voltage signal V (t).
V (t) = I(t) ·R(t) (2.14)
= I0 · cos (ωt) ·R0+∆R · cos (2ωt+ϕ2ω) (2.15)
= I0 ·R0 · cos (ωt)+ I0 ·∆R2 (cos (2ωt+ϕ2ω+ωt)+ cos (2ωt+ϕ2ω−ωt)) (2.16)
= I0 ·R0 · cos (ωt)+ I0 ·∆R2 (cos (3ωt+ϕ2ω)+ cos (ωt+ϕ2ω)) (2.17)
The modulated voltage V (t) measured at the inner pads of the 3ω structure (figure 2.20)
contains information at 1ω and 3ω.









where dR/(dT ·R) is the specific temperature coefficient of the heater and ∆T is the
amplitude of the temperature oscillation of the heater [62].
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⇒ ∆T = dT
dR









The thermal conductivity of the sample is identified by the relation between the voltage
measured in experiments and the analytically described temperature amplitude. The
mostly used analytical model to extract the thermal conductivity of the substrate is the
so-called slope method, which states that using the 3ω voltage measured at two frequencies
ω1 and ω2, and the thermal conductivity λ is calculated from [61]
λ=
V 31ω · ln(ω2/ω1)




where L is heater length, V3ω,1 is the in-phase 3ω voltage at frequency ω1 and V3ω,2 is the
in-phase 3ω voltage at frequency ω2. This equation is however only valid for a sufficiently
narrow (ca. 10 µm or less) and long heater (ca. 1000 µm or more).
Due to the fact that the conventional 3ω method requires equipment for the deposition of
a narrow, thin metal heater line on top of the sample, the method did not find widespread
use at industrial level. Furthermore, deposition of a metal heater line, which is usually
done by lithography, is impossible for many materials, such as liquids or pastes. For
the characterization of such samples, an innovative approach uses an extension of the
3ω method, the so-called bidirectional 3ω method [63], [64], [65], [66]. For this method,
the sensor is first fabricated on a substrate and then covered by a thin passivation layer
to allow characterization of electrically conductive materials. The sample is placed on
top of this platform. Therefore, no fabrication steps are needed after the application of
the sample. Furthermore, this concept does not set requirements on the sample material
as it does not need to withstand the sensor fabrication processes. The bidirectional 3ω
approach has been used, for example, for the investigation of liquids [66], [67], solids [68],
gases [69], biological tissues [70] and single cells [71].
Own developments of procedure and test stand have been undertaken in cooperation with
other colleagues but is not iuncluded in this thesis (see [72])
2.2.5 Hot-wire method
The hot-wire method is a transient method for thermal conductivity measurement of iso-
tropic samples. The method uses a thin and long wire as heat source embedded in the
sample. The thermal conductivity of the samples can be deducted from the resulting
temperature rise in a defined distance from the hot wire over a specified time interval
[73]. The theory behind this method was developed by Carslaw and Jaeger [74].
2.2 SoA of thermal characterization methods 42
To determinate the thermal conductivity λ, it is presupposed that the heat source has a
continuous and uniform heat flow along the medium where the wire is embedded. Also
the medium itself should be isotropic with constant initial temperature. The thermal




ln t2− ln t1
T2−T1 (2.22)
where q is heat input per unit length of wire, T1 is the temperature of the line at the time
t1 and T2 is the temperature of the line at t2.
The hot-wire method is commonly used to measure low thermal conductivity materials,
such as soils [75], ice cores [76], and powdered materials. This method has also been
commonly used for measuring the thermal conductivity of fluids with high degree of
accuracy [77], [78], [79] and [80]. ASTM C1113 and ISO 8894 specify more details on
apparatus and test procedure for the measuring of refractories using the hot-wire method.
2.2.6 Hot-disk method
The hot-disk method or transient plane source method uses a metal strip or disk, which
acts as both, heat source and temperature sensor. The metal disk is usually electrically
insulated to allow characterization of electrically conductive samples. The method typi-
cally employs two sample halves, in-between the metal is sandwiched. All other surfaces






Figure 2.22: Top and cross-sectional views of hot-disk method
The sensor operates as heat source and simultaneously as resistance thermometer. A
small constant current is applied to the metal disk to heat it up. The mean temperature
T of the sensor can be calculated from the mean resistance R(T ) using the equation
R(T ) = R0[1+β(T −T0)] (2.23)
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where T0 is the initial temperature, R0 the initial resistance of the hot-disk sensor at the
temperature T0 and β is the temperature coefficient of resistance (TCR) [81].
Since the temperature increase of the metal disk is highly dependent on the two testing
samples attached to it, thermal properties of the testing samples can be determined by
monitoring this temperature increase for a short time period. The measured ∆T renders
the inverse of thermal conductivity:
∆T (τ ) =
P0
pi3/2 · r ·λ ·D(τ ) (2.24)
Where P0 is the heat liberation from the sensor, λ is the thermal conductivity of the










where α is the thermal diffusivity of the sample, t is the measurement time. D(τ ) is a
dimensionless theoretical expression of time-dependent increase that describes heat con-
duction of the sensor [82].
It has been reported that the hot-disk method has the capability to measure thermal con-
ductivity ranging from 0.005 to 500 W/m ·K including liquids, aerogels and solids [83],
[84]. The hot-disk method has been specified by ASTM D7984 and ISO 22007-2 standards.
2.2.7 Conclusion
This chapter reviewed the measurement techniques for thermal characterization of materi-
als used in electronic packages with mean focus on thermal interface materials. There are
many characterization methods for determination of thermal properties. When selecting
a measurement technique, various aspects should be considered, e.g:
• Geometry and size, surface roughness and preparation procedure of the sample,
whose thermal properties is to be determined.
• Limitation of the measurement technique to a specific range of thermal properties.
• Potential error sources and their effect of the final results
Table 2.5 gives an overview about the most important characterization methods, their





























Not suitable for highly thermal






10 - 1000 no High accuracy, direct
measurement of thermal
conductivity
Temperature sensors must be
inserted into the sample, heat





Die attach within a
package
0.01 - 50 (yes) TIM measurement under real
application within a package




Solid bulk and thin
film
0.01 - 1000 no High accuracy, negligible
environmental effects, capable for
thermal diffusivity measurement
requires lithographic structures






0.1 - 500 no High accuracy, negligible
environmental effects, drop in
specimen, capable for thermal
diffusivity measurement
Requires lithographic structures







1 - 1500 yes Measurement of mono and
multilayer samples
Specific heat capacity and











0.005 - 500 no Apply to wide range of materials Requires two samples with
minimum one entirely planar
side, interface between sensor
and samples effects the accuracy
Chapter 3
Theoretical Background
This chapter describes the basic theoretical principles necessary for understanding the
test methods developed and realized in test stands within this thesis. However, more
specific details are described in the respective chapter.
3.1 Mechanisms of heat transfer
Heat is transferred as result of a temperature gradient. It flows from regions of higher
temperature to regions of lower temperature. Heat transfer occurs by three basic mecha-
nisms: conduction, convection and radiation. In the following sections, these mechanisms
will be discussed, however, the focus will be on the conduction due to its importance for
this work.
3.1.1 Conduction
Conduction is transfer of heat from regions of higher temperature to lower temperature.
The conduction process takes place at the molecular level and involves the transfer of
energy from the more energetic molecules to those with a lower energy level [85]. In non-
electrically conductive solids heat is transferred by lattice vibrations caused by atomic
motion (phonons), while in electrically conductive solids, heat transfer happens due to
both, the motion of free electrons, which move from high temperature region to low tem-
perature region with smaller kinetic energy of molecules and due to phonons [86]. The
lattice vibrations have the smaller contribution to the heat transfer process in electrically
conductive solids [87].




, which is the heat rate per unit area
along the direction x, is proportional to the temperature gradient:
45
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q = −λ dT
dx
, (3.1)
where the proportionality constant λ [W/(m ·K)] is the thermal conductivity, which is a
material property. The minus sign indicates that heat is transferred in the direction of
decreasing temperature. The equation 3.1 is the one-dimensional form of Fourier’s law of
heat conduction. The general form of Fourier’s law, where the heat flux q is recognized
as vector quantity ~q, can be written as:
~Jth = ~q = −λ · ~∇T (3.2)
where ∇ the three-dimensional gradient operator and T the scalar temperature field.
Considering a one-dimensional heat flow along the x direction in the planar wall as shown




















Figure 3.1: One-dimensional heat conduction through a plane wall.
The heat flow Q [W], which is the heat energy transferred through the area, is the product









Q= q ·A= λ ·A
L
(T1−T2) (3.4)
The thermal resistance Rth of the planar wall with the area A, the thickness L and the
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It can be seen that an analogy exists between equation 3.6 and the equation of Ohm’s law,
where heat flow Q, thermal resistance Rth and temperature gradient ∆T are equivalent
to electrical current I, electrical resistance R and electric potential V .
Therefore, equivalent thermal circuits may also be used for more complex systems, such
as a multi-layer system. Such systems may involve any number of series and parallel
















































Figure 3.2: One-dimensional heat conduction through a three-layer system. Left: ideal inter-
faces with perfect match between the surface. Right: real interfaces with microscopical viods
between the surfaces due to surface roughness.
The left diagram of figure 3.2 represents perfect interfaces between the layers of the system,
while the right diagram takes into account real interfaces between the layers, which may
be appreciable in the temperature drop across the interfaces.





where T1−T4 is the overall temperature difference and the summation includes all thermal
resistances. The total resistance of the ideal system in figure 3.2 is the summation of the
thermal resistance of layers A, B and C
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In the case of the system with real interfaces the total thermal resistance is given as
following:
Rth(tot) = Rth(A)+Rc(AB)+Rth(B)+Rc(BC)+Rth(C) (3.10)
RcAB is the thermal contact resistance between layer A and layer B and RcBC is the








Besides the thermal conductivity, there is another important property related to the




, which is also a material-
specific property for characterizing transient heat conduction. This value describes the
rate of heat transfer of a material from the hot side to the cold side.
α=
λ
ρ · cp (3.12)




is the density and cp
[J/kg ·K] is the specific heat capacity at constant pressure.
The thermal diffusivity indicates how quickly an input heat can cause rise in temperature
with a material rather than it is stored in it. As it is observed in equation 3.12, the
thermal diffusivity is directly proportional to the value of thermal conductivity and has
a reverse dependency to specific heat capacity of the materials.
3.1.2 Convection
Convection is a transfer of heat from solid to fluid and within a fluid (gas or liquid).
Heat transfer by convection includes two mechanisms. In addition to energy transfer by
diffusion due to random molecular motion, energy is also transferred by bulk motion of
fluid. This fluid motion is associated with the fact that a large number of molecules move
together or as aggregates. Such a movement in the presence of a temperature gradient
contributes to heat transfer.
In this work, the convective heat transfer between a fluid and solid is particularly inte-
resting and must be considered, due to its influence on the measurement results of the
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developed characterization methods. This type of heat transfer occurs when a fluid mo-
ving a long a solid surface and the solid surface are at different temperatures.
There are two types of convection, the so-called natural or free convection and the forced
convection (figure 3.3).
Heat transfer by free convection occurs due to density difference in the fluid, which results
from local volumetric expansion caused by temperature differences. Due to the pressure
gradient induced by gravity, the fluid becomes buoyant, displaces and transfers the heat
[20]. Heat transfer by forced convection generally makes use of a fan, blower, or pump to
provide a high velocity to the fluid. The high velocity fluid results in a decreased thermal
resistance across the boundary layer from the fluid to the heated surface. This, in turn,








Figure 3.3: Schematic of heat transfer from heated solid to fluid by convection. Left: forced
convection. Right: free convection.
The heat exchange between solid surface and fluid is described by Newton’s law of cooling:
Qc = h ·A · (TS−TF ) (3.13)











is contact area between solid and fluid, TS [◦C] is surface temperature
and TF [◦C] is fluid temperature.
Unlike thermal conductivity λ, the convection heat transfer coefficient h is not a mate-
rial property. Rather it depends on geometry, fluid properties, motion and temperature
difference ∆T = (TS−TF ) [88].
3.1.3 Radiation
All objects with a temperature above 0K emit thermal radiation. The emission of thermal
radiation can occur from solids, liquids or gases, although the focus within this work will
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be on radiation from solid surfaces. The energy of the radiation field is transported by
electromagnetic waves. Unlike heat conduction that requires a medium in order to trans-
port energy, electromagnetic waves are capable of transporting energy through vacuum.
In fact, heat transfer by radiation occurs most efficiently in a vacuum.
The heat transfer rate by radiation QR [W] is described by the Stefan-Boltzmann law
QR = ε ·σ ·A ·
(
T 4s −T 40
)
(3.14)












and ε is the emissivity. Its value is in the range 0 ≤ ε ≤ 1. This
property measures the effectiveness of a surface to emits energy relative to a black-body.
The emissivity is depending on surface material and finish [87].
3.2 Thermal conductivity of solids
A fundamental property of solids is their ability to transport heat, this ability is quantified
by thermal conductivity λ.
Thermal conductivity is an intensive physical property of a material that relates the heat
flow through the material per unit area to temperature gradient across the material. It
is given by the Fourier’s Law of heat conduction as:
λ= − ~q
~∇T (3.15)
where ~q is the heat flow rate vector across a unit cross section perpendicular to ~q, T is
the scalar temperature field and ~∇ is the three-dimensional gradient operator.
Heat energy can be transmitted through solids via electrical carriers (electrons or holes),
lattice waves (phonons), electromagnetic waves, spin waves, or other excitations. In me-
tals electrical carriers transmit the majority of heat, while in insulators lattice wave the
dominant heat carriers. Theoretically the total thermal conductivity λ can be written as





where i designates an excitation. However, in solid materials electrons and phonons
are certainly the main heat carrying entities. Therefore, the other excitations such as
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electromagnetic waves or spin waves will be not consider here due to their small and often
conjectured contribution to thermal conductivity. Thus, the total thermal conductivity
can be written as
λ= λe+λp (3.17)
where λe is the thermal conductivity component due to electrical charge carriers and λp
is the thermal conductivity component due to the phonons (lattice vibrations) [90].
3.2.1 Thermal conductivity of metals
The heat transport in metals is dominated by electrons, whereas phonons have a small
contribution to bulk thermal conductivity in metals. However, phonos play a critical role
if the electron transport is limited by e-p scattering at intermediate and high tempera-
tures [91], [92]. Furthermore, e-p interactions are important in superconductivity [93],
the response of a material abruptly heated by ion bombardment or laser irradiation [94],
and thermal transport across metal-dielectric interfaces in thermoelectric devices [95]. In
[86] A. Jain et al. studied numerically the separation and quantification of the phonon
contribution to thermal conductivity in aluminum (Al), silver (Ag), and gold (Au) by
considering p-p and e-p interactions at a temperature of 300K. It has been shown, that
the phonon contribution to thermal conductivity is around 2.4% in aluminum, 1.1% in
silver and only 0.7% in gold.
The fundamental expression of electron contribution to the thermal conductivity λe is
λe =
1
3 ·n · ce ·ve ·Λe (3.18)
where n is the number of conduction electron per volume, ce is the electronic heat capacity
per electron, ve is the electron velocity and Λe is the electron mean free path [91].
Assuming that the electron velocity ve of quasi-free electrons equals the Fermi velocity vf









the equation 3.18 can be rewritten to
λe =
pi2 ·n ·K2b ·T · τ
3 ·m (3.20)
where Kb is Boltzmann Constant, m is electron mass and τ is relaxation time (collision
time) of electron τ = Λe/ve.
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Electrons are not only transferring heat by colliding with atoms and other electronics but
also carry electrical current [96]. The electrical conductivity σ is defined as
σ =
n · e2 · τ
m
(3.21)
The relation between equation 3.20 and equation 3.21 leads to the Wiedemann-Franz law
λe
σ






3 · e2 = 2.44×10
−8 W ·Ω
K2 (3.23)
L is the so-called Lorenz number. Its theoretical value of 2.44×10−8 (W ·Ω)/K2 is valid
for all metals by assuming that the thermal transport happens only by electrons, however
the heat transport via lattice vibration (or phonons) plays a small role in the total heat
transfer in metals. This leads to a variation of the Lorenz number of the metals to the
theoretical value. Thus the Lorenz number for gold is 2.35×10−8, for silver is 2.31×10−8
and for aluminum is 2.18×10−8 (W ·Ω)/K2 [91]. This good agreement with the theo-
retical value of the Lorenz number given the fact that equation 3.23 is independent of
the mass and density of the particles. Moreover, this underlines the electronic nature of
thermal transport in metals.
3.2.2 Thermal conductivity of dielectrics and semiconductors
In insulator and semiconductors the thermal transport is dominated by lattice vibrations
(phonons). Phonons are the quanta of lattice vibrations analogous to the photons, which
are the quanta of light. The vibrations of atoms in a crystal can be described by means of
the collective vibrational modes of the lattice, which can be calculated from the classical
equations of motion of the atoms as soon as the interatomic potential is known [97].
The quantization of the lattice vibration field results in quantized vibration amplitudes
and the quantization of the mode energies so that the energy excitation levels of each
mode can occur only in discrete multiples of the vibration frequency.
E = n · h¯ ·ω (3.24)
where E is the mode energy, n is the mode occupation number, h¯ is Planck’s constant
divided by 2pi and ω is the mode vibration frequency. The quantization of these vibrational
modes, called phonons, gives the crystal excitations wave and particle behavior. Thus,
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energy transport by phonons involves both particle-like behavior, such as the collision
(scattering) of phonons with other phonons or interfaces, and wave-like behavior, such
as interference and diffraction of phonon modes. In a finite temperature system, phonon
scattering drives the system toward a thermal equilibrium in which the number of phonons
in each mode, n, is related to temperature by the Planck distribution.
n=
1
exp ( h¯ ·ω/Kb ·T )−1 (3.25)
where Kb is Boltzmann’s constant.
Thermal conductivity in dielectric materials is the result of phonons moving from a hotter
to a colder region and undergoing collisions with one another or against material imper-
fections (defects, boundaries, etc.) so that their energy can be transferred in space. The
kinetic theory of gases is commonly used in form of a mathematical model, considering
that each phonon is modeled as a free-moving particle in space with a momentum and an
energy, collision with other particles is an immediate event, the probability that a colli-
sion occurs during a time interval dt is proportional to dt and the particles reach thermal
equilibrium only through these collisions [90]. The lattice contribution can be regarded








where cpv/V is the heat capacity per unit volume, vp is the average phonon velocity and
Λp is the mean free path of a phonon between cwo consecutive collisions.
3.2.3 Thermal conductivity of composite systems
The thermal conductivity of composite systems combines the thermal conductivity of the
polymer matrix with the thermal conductivity of the crystalline ceramic powder. Another
parameter is the interface between the polymer matrix and the filler particles. Here ther-
mal resistances occur due to poor wetting, voids, inclusions and impurities. They prevent
a real chemical bond between the polymer matrix and the particle surface. Even with
ideal wetting and bonding, the interface represents a barrier to energy transfer. The large
difference in the acoustic impedances forces the scattering and reflection of the phonons
at the interface [12].
Many models have been reported in the literature to determine thermal conductivity of
composite systems based on the composition of continuous matrix material and discrete
filler material. These models have a relatively simple structure and only use the thermal
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conductivity of the matrix λM , the filler λF and its volume filling degree φ as influencing
variables. The starting point for the development of the individual models are the three
possibilities for the sequence of two different material components. These can either be
connected in parallel or in series or averaged (mixed). In the corresponding parallel model,
the filler and matrix are connected in parallel, while in the serial model, the filler and
matrix are connected in series. The third model is based on a mean property, which is
calculated using the geometric mean. The thermal conductivity of the composite λC can
be calculated for the different modules as following:
• Parallel model: λC = φ ·λF +(1−φ) ·λM




• Geometric mean: λC = λφF ·λ(1−φ)M
With these basic models only an upper limit or a lower limit can be calculated, whereby
the accuracies of these values are not sufficient for a satisfactory calculation. For more
precise statements, a large number of analytical model descriptions have been developed
that take into account realistic influencing factors. The model basis can be theoretical,
semi-theoretical or empirical [98].
In 1870, Maxwell described the theoretical model
λC = λM · λF + 2λM + 2φ (λF −λM )
λF + 2λM −φ (λF −λM ) , (3.27)
which is valid for calculation of thermal conductivity of composites with spherical filler.
Lewis-Nielsen developed 1970 the semi-theoretical model [99], [100]
λC = λM · 1+(A−1) ·B ·φ1−Ψ ·B ·φ (3.28)
with
Ψ = 1+ (1−φm) ·φ
φ2m
and B = λF/λM −1
λF/λM +A−1
The Lewis-Nielsen model can be used to calculate the thermal conductivity of composite
materials with spherical, fiber and flake fillers. Although the Lewis-Nielsen model provi-
des good results for the thermal conductivity of composites, it also requires the maximum
packing coefficient φm and the geometry factor A. These parameters are in most cases
unknown and difficult to determine experimentally.
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Many other theoretical models have also been developed to calculate the thermal con-
ductivity of composites, among others by Bruggemann in 1935 [101], by Halpin-Tsai in
1969 [102], by Cheng-Vachon in 1970 [103] and by Hatta/Taya in 1986 [104]. All these
models shows good agreement with measured values but only with volume filling degree
φ up to 30 vol.% [105]. The reason for these deviations is that none of these models take
into account the interface resistance between the fillers.
Chapter 4
Steady-state test system for material
characterization
This chapter deals with the development and application of the test stand TIMA, which
can be used for thermal characterization of several types of materials. The chapter starts
with the theoretical background of the test method, which has been implemented in
a commercial test stand as complete solution including hard- and software. Advance
solutions for extending the resolution of the test method and to allow better than state
of the art commercially available characterization of next generations of thermal interface
materials and substrates under adjustable application-specific conditions were developed.
Several measurement examples are shown in order to verify the developed test stand and
also to study different thermal effects.
4.1 Measurement principle
TIMA stands for thermal interface materials analyzer. The measurement principle of
TIMA is based on the standard ASTM D5470 [5] which describes a one-dimensional and
steady-state testing method in which the specimen is placed between two reference bo-
dies (metal cylinders) with co-planary surfaces. The upper reference body is heated while
the lower one is cooled. In very good approximation, a uniform heat flow is established
between hot and cold side.
To determine the effective thermal resistance Rtheff of a sample, the temperature gradient



























































Figure 4.1: Schematic of the measurement module TIMA6 which is based on the standard
ASTM D5470
When using reference bodies (RB) as shown in figure 4.1, the temperature gradient across
the sample (∆Ts) can be determined by the extrapolation of the linear functions of the
temperatures T1, T2 and T3 over the temperature sensor positions P1, P2 and P3 as
well as T4, T5 and T6 over the temperature sensor positions P4, P5 and P6 (see figure
4.1).
The heat flow through the sample is measured twice, by the upper and the lower reference





where ∆TRB/lRB is the slope (a) of the temperature drop along the reference body as
illustrated in figure 4.2
Thereby, the heat flow can be calculated as following:
Q= a ·ARB ·λRB (4.3)
Where:


















Figure 4.2: Principle for heat flow determination by use of a reference body
a The slope of the linear function of temperature drop along
the reference body
[K/m]
∆TRB Temperature gradient across the reference body [K]
lRB Length of reference body [m]




λRB Thermal conductivity of reference body [W/ (m ·K)]
The effective thermal resistance Rtheff is the sum of the bulk thermal resistance Rthbulk
of the sample and the thermal interface resistance between the sample and the reference
bodies Rth0.1 and Rth0.2 which are summarized to Rth0.
Rtheff = Rthbulk+Rth0 (4.4)





Rthbulk Bulk thermal resistance of the sample [K/W]
Rtheff Effective thermal resistance (sample and interfaces) [K/W]
Rth0 Thermal interface resistance [K/W]
BLT Bond line thickness of the sample [m]




λbulk Bulk thermal conductivity of the sample [W/ (m ·K)]
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Inserting equation 4.5 into equation 4.4 yields in a linear dependency between effective
thermal resistance Rtheff and bond line thickness BLT (equation 4.6).
Rtheff =
1
λbulk ·As ·BLT +Rth0 (4.6)
Presupposing λ as material constant, and both cross sectional area and interface resistance
as constant during measurement procedure, equation 4.6 suggests that the effective ther-
mal resistance is a linear function of the sample thickness. Its slope is a= 1/(λbulk ·As).





















Figure 4.3: Effective thermal resistance as function if the bond line thickness
The thermal interface resistance strongly depends on the surface roughness at the inter-
face of sample and reference body. Surfaces of engineering interest are never perfectly
smooth and this must always be taken into account when analyzing interfacial heat trans-
fer between contacting mediums [106].
While the bulk thermal conductivity of greases or adhesives using filler particles of dif-
ferent materials, size, shape and modality has been showing some improvement over the
last few years, the interfaces have received much less attention, although at thin bond
line thicknesses (BLT) they have a major influence on heat transfer [4], [107]. The parti-
cle density is usually lower at the interface and boundaries of dissimilar materials reduce
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the heat transfer across the interface [108]. This is also due to processing conditions [109].
Firstly, thermal boundary (Kapitza) resistances have a major influence on heat transfer.
Moreover, the roughness of contacting surfaces heavily influence these thermal interface
resistances. Hence, thermal interface materials need to be characterized under application
related conditions.
Based on the same measurement principle of the standard ASTM D5470 (see figure 4.1),
the test stand TIMA provides the possibility to characterize the sample not only between
two metals but also between a silicon and a metal surfaces by substituting the upper
reference body with a silicon thermal test chip (TTC) with integrated heater and tem-
perature sensors. This completely new approach allows characterization of TIM between
metal and silicon surfaces, which is the same application condition as occurs for TIM1.
This measurement module has been named TIMA3 relating to the three temperature































Figure 4.4: Schematic of the measurement module TIMA3
The key benefit of TIMA3 is that the sample can be measured under adjustable conditi-
ons, as they occur in most applications of TIM1.
Design and realization of the thermal test chip used for this module is part of this work
and will be discussed in section 4.4
4.2 Design and realization of TIMA hardware
The hardware of TIMA has been designed and realized as modular system that allows
integration of different modules into a single platform. Two modules have been realized:
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the TIMA3 module, which allows the sample to be measured between a silicon and a
metal surface (figure 4.4) and the TIMA6 module, where the sample is measured between






















Figure 4.5: CAD-model of TIMA platform including TIMA3 or TIMA6 modules
Figure 4.5 shows a CAD model of the TIMA platform and the test modules TIMA3 and
TIMA6. The frame of the platform has been realized by commercially available alumi-
nium profiles connected as building kit taking to the account the required mechanical
stability.
The platform and the modules consist of following elements (figure 4.5):
1. Stepper motor including spindle for computer controlled movement of the upper
part of the test stand to adjust the bond line thickness of the TIM with a resolution
of 1 µm
2. Aluminium block heat sink with meander structured water channels
3. Manual Theta-Phi goniometer in the range of ±15◦ for co-planar contacted surfaces
as well as for TIM characterization under defined tilt
4. Load cell in the range of ±200 N for in-situ measurement of the compressive or
tensile load on the TIM
5. Manual XY translation stage in the range of ±3mm to compensate for manufactu-
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ring tolerances of the test stand components
6. Position sensor for in-situ measurement of the bond line thickness of the TIM
7. Thermal test chip with integrated heater and temperature sensors (see section 4.4)
8. Heater block including SiC heater for a maximum temperature up to 300◦C, tem-
perature sensor and thermal fuse.
9. Metal reference bodies with three holes for temperature sensors
For recording of temperature, force and position sensors, as well as for power supplying of
heater and stepper motor, an electronic rack has been developed and realised. For setting
of device parameters, reading out and processing of the data, the software LabVIEW has
been used.
4.3 Verification and qualification of TIMA
In this section, the measurement accuracy and uncertainty of the test stand TIMA and its
results will be studied. The error sources of values measured in-situ and values determined
beforehand will be taken into consideration. As mentioned in section 4.1 the effective
thermal resistance of a sample is measured, from which the bulk thermal conductivity,
the effective thermal conductivity and the interface resistance are calculated.
4.3.1 Calculation of absolute error of measurement values
For the error calculation, it must be distinguished between in-situ measured values, ex-
situ measured values and calculated values. In-situ measured values are temperature (T ),
sample thickness (BLT ) and contact force (F ). In table 4.1 the absolute and random
errors for the in-situ and ex-situ measured values for the sensors and components used
for the test system
Thermal conductivity (λRB) and geometry (ARB, lRB) of the reference bodies are ex-situ
measured values.
Heat flow (Q), effective and interface thermal resistance (Rtheff , Rth0) and effective and
bulk thermal conductivity (λeff , λbulk) are calculated values.




The measurement error of effective thermal conductivity ∆λeff regarding the laws of error
propagation results in the following equation:
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T 0.2 K 0.05 K In-situ measured by NTCs (Negative Temperature
Coefficient Thermistors). NTCs were chosen, on the
one hand, due to their cylindric form which allows
easy integration into the reference bodies, on the ot-
her hand, because of their high measurement accuracy
BLT 1 µm 1 µm In-situ measured by an optical position sensor inte-
grated in the test stand
F 2 N 1 N In-situ measured by a load cell integrated in the test
stand
ARB 100 µm2 100 µm2 Ex-situ measured, the accuracy depends on the rea-
ding errors or on the manufacturing tolerances
lRB 10 µm 10 µm Ex-situ measured, the accuracy depends on the rea-





Ex-situ measured by the LaTIMA test stand (section
6) or by laser flash technique
* Random error means in this case, the uncertainty between the values measured by the
same sensor or sensor type
Rtheff is measured as described in section 4.1 by the temperature gradient ∆T over the





The measurement error of the effective thermal resistance ∆Rtheff can be calculated as
following:










Q is the heat flow through the sample and measured by the reference body as calculated
by the equation
Q= a ·ARB ·λRB (4.12)
















The combination of equation 4.8, equation 4.10 and equation 4.12 results in the following
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equation for effective thermal conductivity:
λeff =
BLT ·a ·ARB ·λRB
∆Ts ·As (4.14)
Thereby, the absolute error of the effective thermal conductivity ∆λeff is:

























The bulk thermal conductivity λbulk and interface resistance are usually determined from
the linear relationship between effective thermal resistance (Rtheff ) and bond line thickness
BLT as shown in equation 4.6.
Rtheff =
1
λbulk ·As ·BLT +Rth0 (4.16)
1/(λbulk ·As) is the slope (a) of the linear fit and results from the effective thermal




The error of the bulk thermal conductivity:










The thermal interface resistance Rth0 is the intercept of the linear fitted function of Rtheff
over BLT. Thereby the error of Rth0 is the error of the y-axis intercept.
4.3.2 Resolution and limitation of measurement techniques ba-
sed on the standard ASTM D5470
To calculate the limitation of the test stand, the errors, their source and weighting should
be analysed. The following calculation shows the percentage portion of the overall error
of each individual error source for the measurement of a TIM with a specific thermal
resistance of 10 mm2 ·K/W. As shown in equation 4.1, the thermal resistance results
from the heat flow through the sample and the temperature gradient across the sample
[110].
For the temperature measurement, temperature sensors (NTC) are used with a maximum
error below 0.2 K in the range from 20◦C to 80◦C. Thus, the maximum error of the
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measured temperature gradient is 0.4 K. The measurement error of the heat flow results
from the manufacturing tolerances and the thermal conductivity of the reference bodies
as well as the measurement error of the temperature gradient across the reference body.
Table 4.2: Calculation of the relative errors of the TIM’s thermal resistance and the weighting
of the error sources
Parameter Value Absolute error Relative error Error weighting
∆Ts 65.5 K 0.4 K 7.1 % 71 %
λRB 380 W/ (m ·K) 5 W/ (m ·K) 1.3 % 13 %
LRB 25mm 0.1mm 0.3 % 3 %
ARB 100mm 0.1mm 0.1 % 1 %
∆TRB 37.2 K 0.4 K 1.1 % 11 %
Rths 10 mm2 ·K/W 1 mm2 ·K/W 10 % 100 %
It can be seen in the calculation that over 80 % of the measurement error is caused by
the temperature measurement error.
The total relative error of the thermal resistance is dependent on the value of the thermal
resistance. So the relative error of highly conductive materials is high because of the
low temperature gradient across the sample. Also it is high for materials with very low
thermal conductivity due to low heat flow.




















 lRB= 380W/mK  lRB = 150W/mK )
high T-gradient
low heat flow
Figure 4.6: Relative thermal resistance error as function of the thermal resistance values
The graphs in figure 4.6 show the maximum error for different thermal resistance values.
It can be seen that thermal resistances between 10 mm2 ·K/W and 1000 mm2 ·K/W can
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be measured with a relative error below 10 % by using copper reference bodies1. By using
reference bodies with lower thermal conductivity, e.g. aluminium, instate of copper, the
resolution increases for samples with higher thermal resistance due to less heat flow, but
it decreases for highly conductive materials.
To extend the resolution of the test method and to allow characterization of next genera-
tions of thermal interface materials and substrates, the cross section area of the sample
should be kept as small as possible to generate a higher temperature gradient through
the samples and the cross sectional area of the reference bodies should be kept as large
as possible to allow for more heat flow. Figure 4.7 schematically shows a new approach
to increase the resolution of the test method.




Upper RB Upper RB Upper RB
Lower RB Lower RB Lower RB Lower RB
Figure 4.7: Schematic of ratio variation between the cross section areas of reference body and
sample
To illustrate the improvement of the resolution by this approach the effective error of the
thermal resistance was calculated for different ratios between the cross-sectional areas of
the reference bodies ARB and the sample AS and for different reference body materials.
Figure 4.8 shows the relative error as function of the thermal resistance values for different
ratios using copper reference bodies with 380 W/ (m ·K) of thermal conductivity and
aluminium reference bodies with 150 W/ (m ·K) of thermal conductivity. It can be seen
that by reducing the ratio (ARB/AS) to 0.1, a thermal resistance of 1 mm2 ·K/W can be
measured with a maximal measuring error below 10%, which is 10 times lower than the
thermal resistance measured using the ratio of 1.
1Thermal resistance of 10 mm2 ·K/W equates to a sample with 100 µm thickness and 10 W/ (m ·K)
thermal conductivity
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 Ratio=1 (Al)  Ratio=0.1 (Al)
 Ratio=1 (Cu)  Ratio=0.1 (Cu)
Figure 4.8: Maximal measuring error as function of the thermal resistance values
4.3.3 Influence of environment on measurement accuracy
In this section, the heat flow losses due to convection and radiation have been studied by
Finite Elements (FE) simulation. Figure 4.9 shows schematic drawings of two types of










𝑄𝑜𝑢𝑡 = 𝑄𝑖𝑛 − 𝑄𝑙𝑜𝑠𝑠
Figure 4.9: Schematic of reference bodies showing the heat inlet and outlet as well as the losses
by convection and radiation
In order to study the heat losses by convection and radiation and their influence on the
accuracy of heat flow determination, the simulation tool ANSYS Workbench has been
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used. Simple parametrized 3D models of round and square reference bodies have been
generated.
The percentage heat loss as function of the heat transfer coefficient (h) and emissivity
coefficient (ε) has been studied for the following parameters:
• Constant parameters:
– Length of reference body: lRB = 25 mm
– Cross sectional area of reference body: ARB = 100 mm2
– Inlet heat flow: Qin = 20 W
– Environment temperature: T = 20◦C
• Variable parameters:








– Emissivity: εmin = 0; εmax = 1
The heat loss (Qloss) is calculated from the difference between the inlet heat (Qin) and
the outlet heat (Qout).
Qloss = Qin−Qout (4.19)
Figure 4.10 shows the simulation results. The maximum heat loss for a worst case scenario




and ε = 1, while the heat loss under real mea-




(natural convection) and ε= 0.1 (standard
Aluminium surface) is below 1 %.
The heat losses are even a bit lower by using cylinder reference bodies instead of cu-
boid reference bodies, due to the ratio between volume and surface. The surface of a
cuboid reference body with the length of 25 mm and the cross-sectional area of 100 mm2
is 1000 mm2 while the surface of a cylinder reference body with the same length and
cross-sectional area is around 886 mm2.
It could be shown in this section, that by understanding of error sources and by appro-
priate choice of geometries, materials and surfaces, the measurement accuracy can be
maximized.
4.4 Design and realization of the Thermal Test Chip
Thermal test chips (TTCs) usually contain heaters and temperature sensors. TTCs are
commonly used tools for thermal characterization and qualification of materials and packa-
ges. In the last two decades, many types of TTC have been developed and manufactured



































Figure 4.10: Heat losses as function of heat transfer coefficient (h) and emissivity coefficient
(ε) for the cuboid reference body
for different applications. Rencz et al. compared in [111] 12 types of TTC regarding
geometry, design, operation and measurement principle. All these TTCs have to generate
heat power and to measure the temperature. But they differ in the types of temperature
sensors, the accuracy of temperature measurement, the geometries, the maximum power
dissipation or the manufacturing and assembling technologies [112], [113].
TTC-1002 from TEA PTCA TTC from IMECPST102 from Delphi
Figure 4.11: Images shown the structures of some market available TTCs
As described in section 4.1, for TIMA3 module a thermal test chip is necessary for the
characterization of TIM1 under real application. The key requirements for such a thermal
test chip which has to be developed are:
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• Maximum possible heating area relative to chip size
• Uniform temperature profile across backside area
• Temperature sensor in center of chip
• High temperature coefficient for temperature sensor
• Kelvin connections (i.e., 4-wire connections) for improved measurement accuracy
• Assembly by flip-chip technology for accessible backside area
4.4.1 Chip design
The TTC is designed as a modular chip with the smallest full functional chip cell of 3.2 mm
x 3.2 mm which consists of ten heater lines and a temperature sensor. The challenge was
to design structures of the heater and the temperature sensor using only one titanium
layer as adhesion and barrier layer. The main reason of using one layer is to ensure that
the temperature coefficient of the metal layer does not decrease due to possible diffusion











Figure 4.12: Layout of a single cell of the thermal test chip
4.4.1.1 Design of heater
The heater consists of 10 independent titanium tracks with the line/space of 200/100 µm,
the length of 3.2 mm and the thickness of 70 nm. The electrical resistance of one heater
track can be calculated by the equation:
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RHT = ρ · LHT
WHT ·THT (4.20)
Where:
RHT Electrical resistance of one heater track [Ω]
ρ Specific electrical resistance (= 70 ·10−8 for titanium) [Ω ·m]
LHT Length of one heater track (= 3.2) [mm]
WHT Width of heater track (= 200) [µm]
THT Thickness of heater track (= 70) [nm]
The electrical resistance of one heater track is RHT = 160 Ω. The 10 heater tracks can
be connected individually, in serial or parallel as can be seen in Figure 4.13. To ensure a
homogeneous heat dissipation in the chip, the heater tracks should be powered uniformly.











RHT RHT RHT RHT RHT RHT RHT RHT RHT RHT
I+ I-
RHT RHT RHT RHT RHT RHT RHT RHT RHT RHT
RHT RHT RHT RHT RHT RHT RHT RHT RHT RHTRHT RHT RHT RHT RHT RHT RHT RHT RHT RHT
Figure 4.13: Equivalent circuit of heater tracks shown interconnection possibilities of heater
tracks





10 = 16 Ω
B) All 10 heater tracks are connected serial
Rtot = RHT ·10⇒Rtot = 160 Ω ·10 = 1600 Ω
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C) Five heater tracks are connected parallel and than the two groups are connected serial
Rtot = 2 · RHT5 ⇒Rtot = 2 ·
160 Ω
5 = 64 Ω
D) Two heater tracks are connected parallel and than the five groups are connected serial
Rtot = 5 · RHT2 ⇒Rtot = 5 ·
160 Ω
2 = 400 Ω
The different interconnection possibilities enable a wide choice of sources (power supply)
with different voltage and current ranges.
4.4.1.2 Design of temperature sensor
The temperature sensor is a meander structured titanium track with the thickness of
70 µm, line/space of 18 µm/ 22 µm and an overall length of 5.5 mm. The area of the
temperature sensor is 0.2 mm2 (1 mm x 0.2 mm). The sensor is placed in the center of
the chip. The theoretically expected electrical resistance of the sensor Rs can be calculated
by the equation 4.21.
Rs = ρ · Ls
Ws ·Ts ⇒Rs = 3055 Ω (4.21)
Where:
Rs Electrical resistance of temperature sensors [Ω]
ρ Specific electrical resistance (= 70 ·10−8 for Titanium) [Ω ·m]
Ls Length of sensor track (= 5.5) [mm]
Ws Width of sensor track (= 18) [µm]
Ts Thickness of sensor track (= 70) [nm]
The sensor is connected in four wire measurement configuration separating current car-
rying and sensing lines.
4.4.2 Fabrication, assembly and quality control of TTC
The chips were fabricated and assembled at the cleanrooms of Fraunhofer IZM based on
the specification. First of all, the wafer design has been transferred into mask layouts for
a set of 3 lithography masks for full wafer shadow printing [114]. After mask manufactu-
ring, these masks serve to print the different layers of the TTC wafers. The six inch wafer
provides space for around 1200 single chip cells.
For the TIMA3 module, the chips were sawed in 3 x 3 matrix which yield nine chip
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cells with the total size of 9.8 mm x 9.8 mm (3 cells, 3.2 mm each plus 2 scribe lines,
0.1 mm each). For the assembly a pick-and-place process followed by a solder reflow
step was chosen. The chip has been placed on FR4 substrate. The substrate has been
designed to be integrated into the TIMA test stand. On each substrate five temperature





IS Contact pads for measuring current
PH Contact pads for heating power
UT1 Contact pads for measuring of T1
UT2 Contact pads for measuring of T2
UT3 Contact pads for measuring of T3
UT4 Contact pads for measuring of T4












Figure 4.14: Layout of TTC substrate
After the reflow process, the chips have been underfilled to ensure high reliability of the
chip.
Figure 4.15 shows an assembled and underfilled module. The advantage of underfilling is
the enhanced reliability and temperature consistency of the module. As a decisive part
for characterization of TIMs it is necessary that the modules show a high reliability [114].
4.4.3 Calibration and evaluation
The five temperature sensors of the assembled TTC were calibrated using an in-house
built calibration chamber. Figure 4.17 shows the results of the calibration for the five
temperature sensors. All sensors show very good linear behavior with a coefficient of
determination R2 > 0.9998 in the temperature range from 10◦C to 100◦C.
The slopes of all sensors coincide very well with each other. The offset of the curves can
be traced back to under- or over-etching of the sensor structures or by variation of the
titanium thickness. Table 4.3 shows the values of the slopes and y-axis intercept (electrical
resistance of the sensors at T = 0◦C) for all temperature sensors. The relationship between
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Figure 4.15: Photography of the soldered and underfilled TTC
Figure 4.16: X-ray picture of the TTC as inspection reflow solder process (Source: IZM)
the resistance and the temperature is ≈ 8 Ω/K, also called sensitivity.
A very important property of a TTC is the homogeneity of the generated heat. Good
TTCs are characterized by a uniform heat flux over the entire contact surface of the sam-
ple. This characteristic can be determined very well with thermal simulations. Of course,
this assumes that the full design and the internal structure of the relevant components
are known, which is rarely given for commercial products. Alternatively, the heat flux
distribution can be determined by means of contact-less thermal measurement methods
such as IR thermography.
The occurring gradients in heat flow strongly depend on the absolute heat flow from the
heater to the heat sink or reference body on the back side of the chip as used in TIMA3
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Figure 4.17: Calibration curves for the five temperature sensors
Table 4.3: Calibration values of all five temperature sensors of the chip
Sensors Slop [Ω/K] Offset [Ω] R-squared
T1 8.049 ± 0.028 2861 ± 1.7 0.99989
T2 7.994 ± 0.033 2887 ± 1.9 0.99985
T3 8.013 ± 0.035 2878 ± 2.0 0.99983
T4 8.009 ± 0.060 2875 ± 3.6 0.99949
T5 8.140 ± 0.079 2882 ± 4.7 0.99915
Main value 8.041 2877 –
Standard deviation 0.053 9 –
module (figure 4.4). Heated under terms of natural convection, for example, no heat flow
will be derived as the whole chip would easily saturate thermally. Maximizing the heat
flow a maximum temperature gradient will occur. Therefore, a high heat flow should be
maintained during the investigation of the homogeneity to determine the largest gradient
to occur. However, during the operation the surface of the TTC is not optically accessable
and cannot be analyzed by common thermal imaging techniques such as IR thermography.
As shown in figure 4.4, the TTC is in direct thermal contact with the specimen and a
reference body.
But, replacing the static IR analysis method by a transient one like the Lock-in ther-
mography it is possible to evaluate the homogeneity of heat flow without a connected
thermal reference resistor and without thermally saturating the chip. This technique al-
lows to determine buried heat sources inside the chip/package top side up with thermal
resolution in µK to mK range [115].
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The heater structures of a TTC are typically located on one side of the chip where ther-
mal excitation occurs by periodically switching on and off power supply with a specified
frequency. On the opposite this temperature oscillation can be measured effectively by








Figure 4.18: Schematic of experimental setup for the evaluation of temperature homogeneity
of TTC surface by Lock-In thermography
The main statement of such results is how areas of the surface are heated by the cor-
responding heater structures on the opposite side. By choosing the Lock-In frequency
f = 25 Hz the thermal diffusion length in silicon is about 1 mm. Thus, the thermal wave
front just reaches the opposite side. At the same time a low spreading and thus a sharp
imaging of the heater structures is achieved. The parameters shown in table 4.4 were
chosen for the experiments.
Amplitude images overlaid with chip structures of the investigations related to two TTCs
are shown in figure 4.19. On the one hand (left) the PCT102 of Delphi and on the other
(right) the new NT16-3k developed within this work and described above.
In direct comparison, it can be seen that the temperature distribution at the NT16-3k-
chip is homogeneously spread across the entire chip area. Also absolute numbers witness
advantage. Where at the PST102 a maximum temperature gradient of 30 mK occurs,
the NT16-3K only shows 7 mK of absolute temperature gradient. The difference can be
explained well with the structure of the heating elements. Compared to the NT16-3K
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Table 4.4: Parameters for the Lock-In thermography experiments of TTC
Parameter Symbol Value
Lock-In frequency fLI 25 Hz
Duty cycle dc 50 %
Excitation power Pexc 0.5 W
Excitation time texc 20 ms
Sampling rate of IR camera fIR 100 Hz
Excitation periods took into account P 1500
Preheating for steady-state tss 120 s
Mean temperature Tm 40.5◦C
Overall experimental time ttotal 180 s
only half of a unit cell of PST102 has heater structures. Especially at the edges this
causes high differences in temperature distribution (blue stripe left edge, red stripe right
edge).
For measurements using the PST102 chips these effects amount to not negligible er-
rors. During TIMA-measurements a homogeneous heat flow is assumed and the contact
temperature as important parameter is measured at only one point, which leads to a
miscalculation of the actual heat flow. In summary, it can be stated that the improved
distribution of the heating structures significantly contributes to the TTC’s accuracy and,
consequently to the TIMA measurement accuracy.
PST102 NT16-3K
Figure 4.19: IR Lock-In amplitude images of two different TTCs for heater homogeneity
evaluation
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4.5 Characterization results by TIMA
Several thermal interface materials, substrates and multi-layer samples have been charac-
terized by the TIMA test stand. In addition to the thermal properties such as bulk and
effective thermal conductivity, thermal resistance, thermal interface resistance, several
effects and influences such as thermal properties as function of temperature, pressure,
curing condition etc. have been studied.
4.5.1 Thermal characterization of TIMs
As described in section 4.1, in order to determinate the bulk thermal conductivity and the
thermal interface resistance, the effective thermal resistance of a material should be mea-
sured at different thicknesses under the same conditions, which have a linear relationship.
The bulk thermal conductivity is calculated from the slope and the interface resistance is
represented by the intercept with the thermal resistance axis (Y-axis).
The bulk thermal conductivity and the thermal interface resistance of different types of
TIMs have been measured by TIMA. Some measurement results will be presented here.
Particular attention has been paid to the process-structure-property correlation as well as
the influence of boundary conditions (temperature, pressure etc.) on thermal properties.
4.5.1.1 Characterization of thermal pad
Thermal pads are among the simplest measured TIMs. They are easy to handle and barely
require sample preparation. Several thermal pads have been characterized by the TIMA
test stand. The characterization results of an advanced thermal pad as representative
example will be shown. The selected material is a thermal conductive sheet containing
vertically oriented graphite (VOG) fillers in an acrylic rubber-based matrix.
100 µm 100 µm
Figure 4.20: SEM cross-section of thermal pad with vertically oriented graphite (VOG) [116]
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The TIM existed in three different thicknesses (150 µm, 250 µm and 500 µm), this allows
to determine the bulk thermal conductivity (λbulk) and the thermal interface resistance
(Rth0). The effective thermal resistance (Rtheff ) as function of the bond line thickness
(BLT ) has been measured at different pressures (p) between 100 kPa and 2 MPa.
The diagram (figure 4.21) shows the linear dependency between Rtheff and BLT .
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Figure 4.21: Effective thermal resistance as function of bond line thickness of the VOG based
TIM measured under different pressures
Table 4.5: Bulk thermal conductivity and thermal interface resistance of the VOG based TIM




100 13.3 ± 1.6 46.0 ± 4.1
300 24.3 ± 2.4 27.5 ± 3.4
600 30.1 ± 2.7 21.1 ± 3.2
1500 31.6 ± 2.6 17.0 ± 2.7
2000 32.0 ± 2.5 16.7 ± 2.2
As can be seen in table 4.5 and figure 4.22, both the bulk thermal conductivity and
the thermal interface resistance of the VOG based TIM are strongly dependent on the
pressure. The bulk thermal conductivity measured at 600 kPa pressure is around 2.2 times
higher than the bulk thermal conductivity measured at 100 kPa. This improvement is due
to the consolidation of the VOG under pressure. Also the thermal interface resistance
at 600 kPa is around 2.2 times lower than at 100 kPa because of the increasing of the
contact between the surfaces and the graphite fillers. The measurement results for more
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than 600 kPa showed less improvement in both bulk thermal conductivity and thermal
interface resistance.


































Figure 4.22: Bulk thermal conductivity and thermal interface resistance of VOG based TIM
as function of pressure
This relatively high number of bulk thermal conductivity up to 32 W/ (m ·K) is an aty-
pical value for thermal pads [117], [21]. But the highly thermal conductive vertically
oriented graphite makes it possible [116].
4.5.1.2 Characterization of thermal grease
To demonstrate the characterization of thermal greases, a material has been selected which
consists of dicyandiamid filled with silver-coated polymer spheres with uniform diameter
of 10 µm and 140 nm silver coating [118]. First of all, the bulk thermal conductivity
and the interface resistance of the unfilled dicyandiamid have been determined by mea-
suring the effective thermal resistance (Rtheff ) at different bond line thicknesses (BLT )
by TIMA6 using aluminium reference bodies with standard surface roughness RZ ≈ 2 µm.
It results for the unfilled dicyandiamid a bulk thermal conductivity λbulk of 0.23 W/ (m ·K)
and a thermal interface resistance Rth0 of 84 mm2 ·K/W (figure 4.23). Due to the very
low viscosity of the materiel, the measurements of thermal resistance in all thicknesses
have been performed without pressure.
In a second step, the dicyandiamid has been filled by silver-coated polymer particles
(diameter: 10 µm, thickness of coating: 140 nm, particle proportion: 32 vol%).
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lbulk = (0.23 ± 0.01) W/(m·K)
Rth0 = (84 ± 1) mm
2·K/W
R2 = 0.9998
Figure 4.23: Effective thermal resistance of dicyandiamid as function of the bond line thickness
The effective thermal resistance of the mixture has been measured at different thicknesses






















Material: Dicyandiamid filled by 10µm silver coated polymer 
particle with particle volume fraction of 32 vol. %
Figure 4.24: Left: effective thermal resistance as function of bond line thickness of filled
dicyandiamid by 10 µm silver-coated polymer particles. Right: schematic illustration of particle
distribution in the thermal grease layer at different bond line thicknesses
The measurements of thermal resistance in the thicknesses between 250 µm and 25 µm
did not require any pressure and show a very good linearity which results in bulk thermal
conductivity of 0.67 W/ (m ·K). To produce bond line thicknesses below 25 µm, pressure
was required as particles move closer to each other and to the surfaces.
The measured effective thermal resistance at these thicknesses fall out of line, they show
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lower thermal resistance as expected. This size effect can be explained by the more direct
contact between particles and reference bodies.
BLTs below the diameter of the particles (10 µm) could also be achieved under pressure
(around 240 kPa), their effective thermal resistance values are even lower than the thermal
interface resistance results from the extrapolation of the linear fit (see figure 4.24).
The lowest thermal resistance of (23±3) mm2 ·K/W has been achieved at BLT of 5 µm,
which is around 35% lower than the thermal interface resistance of (35± 2) mm2 ·K/W
calculated from the linear fit of thermal resistance over the BLT.
Another mixture has been prepared and measured. The mixture consisted of the dicy-
andiamid and larger, i.e. 30 µm silver-coated polymer particles with the same fraction
(32 vol%). The measurement of the results of thermal resistance showed similar behavior




Particle: 30µm, particle volume fraction: 32 vol.%
Material: Dicyandiamid filled by 30µm silver coated polymer 


















Figure 4.25: Left: effective thermal resistance as function of bond line thickness of filled
dicyandiamid by 30 µm silver-coated polymer particles. Right: schematic illustration of particle
distributions in the thermal grease layer at different bond line thicknesses
Measurement at BLT down to 75 µm did not require any pressure. The results showed
a good linearity between thermal resistance and BLT, from which the bulk thermal con-
ductivity of 0.75 W/ (m ·K) and the thermal interface resistance of 13 mm2 ·K/W have
been calculated. For BLT below 75 µm pressure was required. To achieve a BLT of 25 µm,
pressure up to 1.5 MPa has been applied. The thermal resistance of the layers measu-
red under pressure showed here also lower values than expected. The lowest measured
thermal resistance of this grease was around 30 mm2 ·K/W, which matches well with the
lowest value measured of the grease with the smaller 10 µm particles.
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4.5.1.3 Characterization of adhesive
The test stand TIMA also provides the possibility to characterize adhesive material. This
option given by the test stand TIMA is a considerable advantage compared to other test
stands based on ASTM D-5470. To determine the bulk thermal conductivity and the
thermal interface resistance of the adhesive, samples with different bond line thicknesses
(BLT) are needed again. For this an assembly tool has been designed and manufactured.
The tool allows assembling of the adhesive in well-defined BLT between two reference
bodies and curing them at temperatures up to 500◦C if needed. Figure 4.26 illustrates
the assembling procedure from single reference body to cured adhesive samples with well-











Figure 4.26: Preparation procedure of adhesive samples with defined BLT using the assembly
tool
Within this work a novel thermal adhesive has been selected and characterized by the
TIMA test stand. The selected adhesive consists of epoxy matrix with silver-coated poly-
mer spheres as conductive filler instead of solid metal particles, fabricated by the company
Conpart. The polymer particles have the uniform size of 10 µm with the thickness of silver
coating of 140 nm.
Figure 4.27: SEM images show 10 µm polymer spheres coated with 140 nm silver layer (Source:
Conpart Technology, Norway)
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Three different mixtures have been characterized, which varied in the volume fraction of
particles (40 vol%, 45 vol% and 50 vol%).
From each mixture four samples with different BLT between 70 µm and 370 µm have been
assembled by the tool shown in figure 4.26 and cured for one hour at 150◦C. The effective
thermal resistances of all samples have been measured by the test stand TIMA6 under
three different temperatures 40◦C, 60◦C and 80◦C (mean temperature of TIM). Finally,
the BLT of all samples have been double checked by cross section images (see figure 4.28).



















































































































Figure 4.28: Cross section images of selected samples to measure the actual BLT
The results of bulk thermal conductivity as function of volume fraction and measurement
temperature are shown in figure 4.29.
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(a) Effective thermal resistance as function of the
bond line thickness



















 40°C  60°C  80°C
(b) Bulk thermal conductivity as function of vo-
lume fraction and temperature
Figure 4.29: Thermal characterization results of the adhesive as function of particle volume
fraction and temperature
The influence of the particle volume fraction on the thermal performance can be clearly
seen. The bulk thermal conductivity is increased by 175 % by increasing the particle vo-
lume fraction from 40 vol% to 50 vol%. However, increasing the particle volume fraction
from 40 vol% to 45 vol% led to 120 % higher thermal conductivity, while the increase from
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Figure 4.30: Microscopic images show the particle distribution for different particle volume
fraction. Differences in particle density can be clearly seen.
45 vol% to 50 vol% resulted in only 25% increasing of the thermal conductivity. Also the
measurement temperature shows an influence on the thermal conductivity. The higher
the temperature the lower the thermal conductivity. Bulk thermal conductivity of the
sample at 80◦C is around 20 % lower than the value measured at 40◦C.
In order to understand the influence of the particle volume fraction on the bulk thermal
conductivity of the adhesive, the micro structures of the layers have been investigated
using scanning electron microscopy (SEM). As can be seen in figure 4.30, increasing the
particle density results in improvement in thermal path, which leads to higher thermal
conductivity. It can also be seen that voids occur in the adhesive layer with higher particle
volume fraction, due to the loss of viscosity, which weakness the thermal path, too.
As can be seen in figure 4.29 (a), the thermal interface resistances of all samples are
relatively low (close to zero), which could be attributed to the good wetting of the surfaces,
since the materials have relatively low viscosity.
This assumption has been confirmed by FIB and SEM investigation of the interface be-
tween adhesive and reference body. The images in figure 4.31 show perfect interface
between adhesive and reference body, which led to very low thermal interface resistance.









Figure 4.31: SEM images of the adhesive with 45 vol% particle volume fraction showing the
interface between adhesive and reference body
4.5.1.4 Characterization of gap filler
Three commercial gap fillers have been selected to be characterized by the test stand
TIMA. All three gap fillers are two-component materials, which were mixed in 1 : 1 ratio
and cured for one hour at 100◦C.
Corresponding test samples with different BLT have been assembled between aluminium
reference bodies using the assembly tool shown in figure 4.26. Due to the fact that gap
fillers are usually used to bridge large gaps between hot components and cold surface, the
samples have been built in relativity thick BLT between 150 µm and 900 µm. Figure 4.32
presents the effective thermal resistance of the three gap fillers plotted over the BLT. The
values of the bulk thermal conductivity and the thermal interface resistance are listed in
table 4.6.






















Figure 4.32: Effective thermal resistance as function of the bond line thickness of three different
silicone based gap fillers
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Table 4.6: Bulk thermal conductivity and thermal interface resistance of the measured gap
fillers




Gap Filler A 3.6 ± 0.1 7 ± 2
Gap Filler B 2.5 ± 0.2 37 ± 3
Gap Filler C 3.1 ± 0.2 17 ± 3
4.5.2 Thermal characterization of substrate
Usually, the thermal conductivity of substrates is determined by transient methods such
as the laser-flash method [119], where the the thermal diffusivity of a bulk sample is mea-
sured. To determine the thermal conductivity, the specific heat capacity and the density
are needed in addition. For the characterization of multilayer samples such as Insulated
Metal Substrate (IMS) or samples with heterogeneous thermal conductivity such as sub-
strate with electrical or thermal vias, the steady-state method could be the better choice,
as this method will rather make a statement about the thermal conductivity of the whole
sample. There are two challenges within the substrate characterization by steady-state
techniques: On one hand, the relatively high thermal interface resistance between the
sample and the matted surfaces, and on the other hand, the high thermal conductivity of
the sample.
In contrast to characterization of TIMs, the thermal interface resistance heavily compli-
cates the characterization of highly thermal conductive substrates using the steady-state















Figure 4.33: Schematic of the microscopic surface roughness of reference body and solid sample.
Left: dry contact with gaps; right: Gap filled by liquid metal.
To reduce the thermal interface resistance, highly thermal conductive liquid metal has
been used, which can perfectly fill the gap between the sample and the matted surfaces
whilst only having a negligible influence on the measurement results credibility. Figure
4.33 shows schematically the contact between matted surfaces and substrate with and
without liquid metal.
To demonstrate the effect of liquid metal as thermal interface material, a simple expe-
riment has been done by using the test stand TIMA6, in which the thermal interface
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resistance between two copper reference bodies with surface roughnesses Rz ≈ 2 µm has
been measured using two liquid metals, a standard silicone based grease and a dry contact
(air). In addition, the measurements were performed using different pressures between
100 kPa and 600 kPa.
Figure 4.34 shows the results of the thermal resistance of the different materials for dif-
ferent pressures. It can be seen, that one liquid metal leads to extremely low thermal
resistance even at low pressure. The other liquid metal also has a relatively low thermal
resistance, which is at under 100 kPa pressure around 5 times lower than the standard
thermal grease and it goes to zero under pressure. The thermal interface resistance of
the dry contact is extremely high. This result confirms the imperative of using highly
conductive material to eliminate the interface resistance.
Figure 4.34: Thermal resistance as function of pressure. Upper curve: metal to metal contact
without TIM; lower curves: metal to metal contact with two liquid metals CL Liquid Pro and
IndAlloy 45L and one grease DC340
The liquid metal CL Liquid Pro shows better thermal performance. However, for the cha-
racterization of solid samples by TIMA the liquid metal IndAlloy 45L has been chosen,
due to availability and cost. The liquid metal IndAlloy 45L consists of 61% Gallium, 25%
Indium, 13% Tin and 1% Zinc. The melting temperature of this liquid metal is around
7◦C.
In the following, thermal characterization results of different substrates, measured by the
test stand TIMA using the approach described above will be presented and discussed.
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4.5.2.1 Thermal characterization of bulk substrate
Table 4.7 summarizes the results of the bulk thermal resistance and bulk thermal con-
ductivity of different substrates measured by the TIMA by using the liquid metal IndAlloy
45L to minimize the interface resistance between the reference body and the sample:









LTCC 639 ± 5 292 ± 12 2.18 ± 0.12 1.8 · · · 3.3 [120]
FR4 300 ± 5 968 ± 32 0.31 ± 0.03 0.29 [121], 0.34 [122]
Al2O3 360 ± 5 17.2 ± 2 21 ± 3 17 · · · 28 [123]
The results of thermal conductivity for all three bulk substrates agree with the literature
values, as can be seen in the table 4.7.
4.5.2.2 Thermal characterization of multi-layer substrate
Multi-layer substrates such as DCB (Direct Bonded Copper), IMS (Insulated Metal Sub-
strate), multi-layer PCB (Printed Circuit Board) or multi-layer LTCC (Low temperature
co-fired ceramic) are often used in electronics devices. The knowledge of their thermal
properties is significant for the design of components and systems. As mentioned be-
fore, TIMA is particularly suitable for the direct measurement of the effective thermal
conductivity of such substrates. Table 4.8 shows the measurement results of some multi-
layer substrates measured by TIMA using the liquid metal IndAlloy 45L to minimize the
interface resistance between the reference body and the sample.
Table 4.8: Thermal characterization results of multi-layer substrates




λeff [W/ (m ·K)]
LTCC (incl. 5 Cu layers) 690 ± 5 299 ± 15 2.3 ± 0.1
LTCC (incl. 7 Cu layers) 930 ± 5 370 ± 18 2.4 ± 0.1
IMS (Cu/Polymer/Cu) 3200/100/300 40.6 ± 2.1 89 ± 5
IMS (Cu/Polymer/Cu) 1000/100/200 23.9 ± 1.2 54 ± 3
4.5.2.3 Thermal characterization of heterogeneous substrate
The term heterogeneous substrate describes substrates with regions filled with highly
conductive materials such as LTCC with silver vias or FR4 substrate with copper core.
Such substrates are usually used for heat dissipation of small chips e.g. for LEDs. Also
for this case, TIMA is a suitable method for the measurement of the effective thermal
conductivity of such substrates.



































Figure 4.35: Test set-up and samples. Right: schematic and photography of test set-up TIMA6
module; left: schematic of the samples (LTCC substrate with and without vias).
In the following example the characterization results of a LTCC substrate with thermal
vias (sintered silver) will be presented.
To increase the resolution of the measurement, according to the investigation described
in section 4.3.2, the samples were cut in 2 x 2 mm2. The measurement has been done
between two Cu reference bodies with the diameter of ø = 3 .5 mm using the TIMA6
module. Liquid metal has been used as interface medium.
In order to demonstrate the improvement of the thermal performance by the Ag vias and
to calculate the thermal conductivity of the vias, LTCC substrates with and without vias
have been measured under the same conditions.
Table 4.9: Characterization results of LTCC substrates with and without vias




λeff [W/ (m ·K)]
LTCC with four Ag vias
(ø = 300 µm)
400 ± 2 17.3 ± 0.6 23 ± 1
LTCC without vias 400 ± 2 172 ± 5 2.5 ± 0.1
As can be seen in table 4.9, the thermal conductivity of the LTCC substrate with the vias
is at one order of magnitude higher than the that without vias.
Figure 4.36 illustrates the equivalent circuit of the LTCC substrate with four Ag vias.
The total thermal resistance is described by following equation:



































where Rthtotal is the thermal resistance of LTCC substrate including all four vias, Rthvia
is the thermal resistance of one via and RthLTCC is the thermal resistance of bulk LTCC.
The thermal resistance of the substrate with vias as well as the bulk substrate have been
measured, so the thermal resistance of the vias can be easy calculated. It results in the
thermal resistance for one via of Rthvia = (19.2 ± 0.9) ·10−6 K/W.




where, lvia the length of the vias = 400 µm, Avia the cross section area of one via =
70.7 µm2 (ø = 300 µm).
This results in a thermal conductivity of λvia = (295 ± 10) W/ (m ·K) for the sinte-
red Ag via, which is in the expected range. This measurement approach has been also
successfully used to detect failures in vias. Some sintered silver vias showed lower ther-
mal conductivity due to voids or defects, which have been detect by microscopic images
of cross sections.
The previous examples show that the test stand TIMA is also able to characterize different
types of substrates. It provides the required measurement accuracy to extract parameters
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of specific values in a system such as for a single layer in a multi-layer sample or a single
via in a substrate.
4.5.3 Investigation of long-term stability of TIMs
The long-term stability of thermal interface materials (TIMs) is the most important pa-
rameter because it has an influence on the reliability of the whole system. It depends
strongly on the type of the TIMs (liquid, viscous, stiff, solid, phase changed etc.) as well
as on the application and operation conditions. So thermal greases show pump-out and
dry-out effects. The thermal mismatch in the device causes a relative motion between
the die and the heat spreader (in-plane and/or out-of-plane), which tends to squeeze the
thermal grease out of the interface gap [17] or air is pumped in the gap moving the grease
out of the center of the contact area [124]. This phenomenon results in increased thermal
resistance due to loss of grease material from the interface.
Figure 4.37: Examples for degradation of thermal contact
Grease dry-out occurs due to the separation of the filler from the polymer matrix at ele-
vated temperatures. The polymer matrix tends to flow out of the interface preferentially
and results in "drying-out" of the grease. This results in degradation of thermal resistance
of the TIM [19]. Exposure to high humidity levels has also been shown to induce changes
in the thermal resistance of a grease layer, primarily an effect of the filler and resin system
employed and their response to high levels of moisture [125].
In the case of stiff and solid TIMs such adhesives, solders or cured gap fillers, interface
delamination and bulk cracks are the main initiator of reducing thermal performance and
lifetime of package and devices.
In order to qualify the reliability of thermal interface materials in an electronic package
cooling application, traditional temperature or power cycle tests are commonly used to
detect potential thermal failures due to grease pump-out, grease dry-out, cracks, delami-
nation etc. [126]. These traditional temperature and power cycle tests are time consuming
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Figure 4.38: Schematic of TIMA platform and the modules for investigation of long-term
stability of TIMs
In addition to the described different capabilities for characterization under different con-
ditions, the TIMA test stand offers accelerated ageing investigation of TIMs. In order to
accelerate the potentially applied load of TIM during the cyclic operation, the TIMA test
stand is used to simulate the squeezing action of TIM and to measure in-situ the changing
of thermal resistance of TIM (figure 4.38). Both TIMA3 and TIMA6 modules can be
used for the accelerated ageing tests. The TIM is mounted between the static reference
body and the dynamic part, which can be a thermal test chip (for TIMA3 ) or a reference
body (for TIMA6 ). The dynamic part is contacted to a stepper motor which is computer
controlled and moves in vertical direction to expand and compress the TIM.
Scores of TIMs under different conditions were characterized by the TIMA test stand
with respect to their ageing behaviour. In the following investigation results of a thermal
grease will be presented.
A commercially available non-solvent thermal grease (G765 from Shin-Etsu Chemical Co.,
Ltd.) has been dispensed in the TIMA3 module between aluminium reference body and
silicon thermal test chip in bond line thickness of 500 µm. The thermal grease has been
mechanically loaded by 1000 cycles. One cycle consists of four steps:
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Step 1: BLT = 500 µm (initial)
Step 2: BLT = 475 µm (5 % compression)
Step 3: BLT = 500 µm (5 % expansion to the initial thickness)
Step 4: BLT = 525 µm (5 % expansion)

















Figure 4.39: Schematic illustration of one cycle of mechanical loading
After each step, the effective thermal resistance has been measured in steady-state. Figure
4.40 shows the effective thermal conductivity and effective thermal resistance for the four
steps over the number of cycles. As can be seen in the diagram, the tested thermal grease
showed continuous increasing of thermal resistance and decreasing of thermal conducti-
vity. The material showed around 15 % degradation after 100 cycles, however around
50 % of this degradation happened in the first 100 cycles. After the first 100 cycles the
material showed slower degradation.
This behavior does not occur in the same way with all materials. In many greases, it is
observed that the thermal resistance decreases during the first cycles, remains constant
for a while and then increases. The improvement in thermal performance at the beginning
of the test is due to the fact that the material adapts to the surface through mechanical
movement, which leads to a reduction in thermal interface resistance.
In the case of pre-cured gap fillers or adhesives, it has been observed that the thermal
resistance does not change until a certain number of cycles and then increases abruptly,
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Figure 4.40: Results of thermal conductivity and thermal resistance as function of the cycle
number showing the degradation of thermal grease due to mechanical loading caused by thermal
mismatch of the package
due to delamination in the interface. In such tests, the speed of movement plays an
important role and should not be neglected.
4.5.4 Measurement of the heat transfer coefficient
The goal of this investigation is to determine the heat transfer coefficient (h) of different
combinations of aluminium plates and aluminium sheets with different surface roughness
as function of the pressure. The solid to solid heat transfer coefficient (h) is the inverse
of the thermal interface resistance (Rthint). To determine the heat transfer coefficient
between the plate and sheets, four measurements were needed. Figure 4.41 shows sche-
matically the four measurements performed to determine the heat transfer coefficient
between aluminium plate and aluminium sheet.
In the fist measurement the plate P and the sheet S were stacked on each other and
connected by thermal grease to the silicon thermal test chip and the aluminium reference
body. The total thermal resistance of the first measurement is:
Rth1 = RthG+RthS+Rthint+RthP +RthG (4.25)
where RthG is thermal resistance of the grease, RthS is the thermal resistance of the
sheet, RthP is the thermal resistance of the plate and Rthint is the thermal interface
resistance between plate and sheet.









































































Figure 4.41: Schematic of measurements preformed to determinate the heat transfer coefficient
between aluminium plate (P) and aluminium sheet (S)
In the second measurement the thermal resistance of the sheet S including the thermal
resistance of two thermal grease layers RthG has been measured:
Rth2 = RthG+RthS+RthG (4.26)
In the third measurement the thermal resistance of the plate P including the thermal
resistance of two thermal grease layers has been measured:
Rth3 = RthG+RthP +RthG (4.27)
In the fourth measurement the thermal resistance of the thermal grease layer has been
measured:
Rth4 = RthG (4.28)
Each these effective thermal resistances Rth1 · · ·Rth4 has been measured under pressure
variation between 0.2 MPa and 1.5 MPa.
From the equations 4.25 - 4.28, the following equation can be obtained for the the thermal
interface resistance between the aluminium plate (P) and the aluminium sheet (S):
Rthint = Rth1−Rth2−Rth3+ 2 ·Rth4 (4.29)
The thermal interface resistance Rthint of two surface combinations has been determined:
Combination 1: Aluminium plate and aluminium sheet, both with high surface roughness
(RZ ≈ 10 µm)
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Combination 1: Aluminium plate and aluminium sheet, both with low surface roughness
(RZ ≈ 5 µm)
The results of the thermal resistance of all measurement steps is illustrated in figure 4.41
including the interface resistance between the plate and the sheet calculated in equation
4.29 for two combinations as function of the pressure are shown in figure 4.42.

























(a) Combination 1: High surface roughness

























(b) Combination 2: Low surface roughness
Figure 4.42: Thermal resistances of Rth1, Rth2, Rth3 and Rth4 as well as the calculated
interface resistance Rthint as function of the pressure for two combinations
The heat transfer coefficient (h) between the aluminium plate and aluminium sheet is the





The results of heat transfer coefficient for both combinations are shown in figure 4.43.
It can be seen that the heat transfer coefficient between the plate and the sheet with
low surface roughness is higher than between the plate and the sheet with high surface
roughness. It could also be shown, that the heat transfer coefficients increase with the
increasing of the pressure.
4.6 Conclusion
This chapter dealt with the development, evaluation and application of the steady-state
test stand TIMA. The test stand has been designed and realized as modular platform,
which enables integration of different measurement modules for characterization under
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Figure 4.43: Heat transfer coefficient of combination 1 (high surface roughness) and combina-
tion 2 (low surface roughness) as function of the pressure
different conditions. Two modules have been realized. The accuracy and limitation of the
test stand have been studied in order to identify the error sources and increase the measu-
rement accuracy and resolution of the test stand. It turned out from the error calculation
that over 80% of the measurement error is caused by the error of the temperature measu-
rement. Therefore, a special Thermal Test Chip has been designed and fabricated, which
offers a very homogeneous temperature distribution and accurate temperature measure-
ment. It has also been shown that, through the reduction of the ratio of cross section area
of sample and contact medium to 1/10, the measurement range of steady-state technique
can be extended to measure thermal resistance down to 1 mm2 ·K/W, which is around
10-times lower than the thermal resistance measured by commercial equipment for the
same measurement accuracy. To demonstrate the functionality and the capabilities of the
developed test stand, several properties of different classes of materials (Thermal pads,
thermal greases, gap fillers, adhesives, substrates) have been characterized and discussed,
including specific adaptations of test setup and procedure.
Chapter 5
Transient test stand for material
characterization
This chapter deals with the development and realization of an innovative test stand for
thermal transient characterization of thermal interface materials. The chapter starts with
the description of the main idea of the test stand, which is using the TTC developed
within this work as active device for heating and temperature measurement. A simple
test set up for characterization of TIM at material level will be presented. Finally, a
specific package for thermal transient characterization of VACNT based TIMs at package
level will be shown and discussed.
5.1 Concept and realization
The thermal impedance technique is usually used for thermal characterization of elec-
tronic packages and requires an active device with a temperature sensitive element (e.g.
MOSFET, IGBT, diode). The idea here is to replace the active device by a thermal test
chip (TTC) with integrated heater and temperature sensor. The TTC described in section
4.4 is used as active device. As the test stand uses the hardware of TIMA3 module of
the TIMA test stand (see section 4) and is based on the transient technique, it has been
named TransTIMA.
The TTC provides a great advantage over MOSFET or IGBT. The heater and tempera-
ture sensors of TTC are independent. Thus, thermal impedance can be determined from
cooling and heating curves. Furthermore, it is possible to perform thermal characteri-
zation at material, package or system levels. Thanks to the modularity concept of the
TTC, it can be used as stand-alone device or integrated into a package or system. The
developed TTC can be assembled by flip-chip or wire-bond technologies.
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For transient thermal characterization at material level, a simple test setup has been de-
signed and realized. It combines the setup of TIMA3 module (see section 4.1) with the
thermal impedance technique described in section 2.2.3.
The setup consists of a TTC, which is flip-chipped onto an organic PCB (see figure 4.15),
and a water cooled heat sink. The heater and temperature sensor of the TTC is control-
led by in-house developed electronic, which controls the heating process and records the
transient temperature profile of the TTC. The water cooler and the changeable heat sink
are mounted to the manual translation stage.
Figure 5.1 shows a picture and a schematic of the TransTIMA test setup for thermal























Figure 5.1: TransTIMA setup for transient thermal characterization at material level. Left:
photography. Right: schematic showing the power and temperature controlled TTC, the heat
sink and the TIM between them.
To benchmark the test setup, the thermal impedance of the test setup with a commercial
grease at three different bond line thicknesses (BLT) has been measured (figure 5.2 left).
To calculate the bulk thermal conductivity of the grease, the total thermal resistances
of the setup for the three measurements were plotted over the BLT of the grease, which
shows a linear dependency (figure 5.2 right). The bulk thermal conductivity results from
the slope.
It was found that the bulk thermal conductivity of the grease measured by TransTIMA
fits very well to the results of 1 W/m ·K obtained by the steady-state test stand TIMA.
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Figure 5.2: Thermal impedance of test setup using a commercial thermal grease at three
different BLT (left); total thermal resistance over the BLT (right)
The intercept with the Rth-axis includes all the thermal resistances junction and cooler
except the thermal resistance of the measured TIM (e.g. chip, heat sink and interfaces
between chip and TIM as well as between heat sink and TIM).
5.2 Characterization of VACNT at module level
Vertically-aligned carbon nanotubes (VACNTs) as TIM is a promising technology not only
due to the excellent thermal conductivity of CNTs which can achieve 6600 W/(m ·K) [28]
for single-walled and 3000 W/(m ·K) for multi-walled CNTs [29] but also for its high elec-
trical conductivity and outstanding mechanical properties. However, the effective thermal
conductivity of VACNTs depends on several factors such as density, growth quality, uni-
formity of length and of course the nature of connectivity between the open ends of the
CNTs and the target surface, which is the bottleneck of the heat path. Thermal proper-
ties of VACNTs are very dependent on the growing and assembling processes, therefore
VACNTs should be characterized under real conditions only.
In this chapter, an industrial demonstrator for RF application using VACNT as TIM1
will be characterized. The demonstrator consists of a HPA (high-power amplifier) mo-
dule using a GaN-based MMIC (Monolithic Microwave Integrated Circuit) chip which is
soldered on a doped silicon substrate, on its backside VACNT is grown by thermal CVD
process. The free end of VACNT is mounted onto copper substrate using few nm functi-
onalized polymer layer. The schematic in figure 5.3 shows the cross section of the MMIC
demonstrator [127].









Figure 5.3: Cross section of RF demonstrator using VACNT as TIM1
5.2.1 Design and realization of VACNT characterization demon-
strator
Due to the complexity of the MMIC chip while used for transient thermal characteriza-
tion, it has been fallen back to the TransTIMA concept in this work by replacing the
MMIC chip by the thermal test chip (TTC). Thanks to the variability of the TTC, it
was possible to create the same size and power losses of MMIC chip by using two cells
of TTC. Furthermore, the independent heater track of the TTC enables to simulate real
heat concentration scenarios by powering the heater tracks individually. Figure 5.4 shows









Figure 5.4: Cross section of characterization demonstrator using VACNT as TIM1 and TTC
replacing MMIC chip
It can be seen, that only the TTC replaced the MMIC chip. All other layers including the
VACNT have been assembled under the same conditions as in the target demonstrator.
The characterization demonstrator consists mainly of three components, the thermal test
chip for powering and sensing the demonstrator, the VACNT including growth substrate
and the PCB as heat spreader and electrical connection substrate.
The VACNT were grown at the company SHT in Sweden by a thermal chemical vapour
deposition process (TCVD) on a silicon substrate in wafer form. The wafer was deposited
by Al2O3 and Fe catalyst. During the growth process, the wafer was annealed at high
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temperature (around 800◦C) under H2 gas to transform the Fe catalyst layer into spheres
which later act as nucleation site of the carbon atoms. The VACNTs then grew using
C2H2 as carbon precursor until they reached the desired height of around 10 to 20 µm.
The assembly of the characterization demonstrator was performed at the company Thales.
The assembly started with soldering the TTC onto the doped silicon substrate on which
the VACNT layer was grown. As die attach material the AuSn alloy has been used. In
the next step, the PCB substrate was spin-coated with a few hundred nm functionalized
polymer layer [128] on the area where the VACNT layer is going to be placed. The role
of this polymer layer is to enhance the heat transfer between the VACNT layer and the
receiving substrate by both increasing the number of participating nanotubes and facilita-
ting phonon transfer by a covalent bonding between VACNT and functionalized polymer
[129]. The coated substrate was then brought in contact with the VACNT tab. The as-
sembly has been then exposed to heat and pressure to allow the bonding of the VACNTs
with the functionalized polymer. Figure 5.5 (a) shows schematically a cross section of the
characterization demonstrator.
Finally, the TTC has been wire bonded to the substrate pads using thermosonic gold
ball bonding (25 µm). All heater tracks have been bonded in parallel. The current pads
of the temperature sensors have been bonded in series while the sense pads have been
bonded separately to allow 4-terminal sensing of each temperature sensor. The assembled
characterization demonstrator can be seen in figure 5.5 (b) and (c).
Cu heat spreader (300µm)
AuSn-solder (20µm)





Figure 5.5: (a) Cross-sectional layer by layer view of the module; (b) Photo of an assembled
module; (c) Top view of the module shows the wire bonded TTC.
In order to investigate the overall improvement of the thermal properties of the module
with VACNT as TIM1, reference modules have been assembled in which the VACNT
based TIM1 was replaced by two commercial silver filled adhesives. One adhesive has a
relatively high thermal conductivity of 12 W/(m ·K) (here adhesive 1) and the other has
a lower thermal conductivity of 2.5 W/(m ·K) (here adhesive 2). For all modules, the
TIM1 layer has the same thickness of 10 µm.
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5.2.2 Characterization results
For the thermal characterization of the modules, the thermal transient spectrum analysis
has been used. The aim of the characterization is to determinate the junction-to-case
thermal resistance RthJC of the modules with different TIM1 materials (VACNT, adhe-
sive 1 and adhesive 2).
All three modules have been measured under the same conditions by keeping the heat
sink temperature constant at 20◦c and power loss at 11.0 ± 0.5 W. The test setup has
been realized by mounting the module onto a water-cooled heat sink with the help of
screws to apply homogeneous pressure (see figure 5.6).







Figure 5.6: Picture of measurement setup showing the characterization modules assembled
between a water cooled heat sink and a clamping plate
To determine the RthJC and to compare the thermal performance between the module
containing VACNTs and polymer adhesive, respectively, as TIM1, the transient so-called
dual-interface method from JEDEC JESD51-14 standard [54] has been used. The device
has been heated with a load power of 11.5 W and then the time-dependent voltage has
been measured during cooling of the device. In a first step, the junction-to-ambient
thermal resistance RthJA of the modules has been measured with and without TIM2
between module and heat sink.
Figure 5.7 shows the thermal impedance curves Zth of all three modules measured with
and without TIM2. The steady-state thermal resistance is the junction-to-ambient ther-
mal resistance while the separation points of each curve pair represent the junction-to-case
thermal resistance of the module, which includes the thermal resistance of thermal test
chip, solder layer, silicon substrate, TIM1 (VACNT, adhesive 1 or adhesive 2) and copper
heat spreader (see figure 5.5 (a)).
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Figure 5.7: Comparison of Zth curves of different modules with and without TIM2
The diagrams in figure 5.8 summarize the results of the transient thermal characterization
of all three modules. Diagram (a) shows the maximum temperature of the modules
measured by the temperature sensors of the TTC at 11.0 W power loss and 20◦C heat
sink temperature. Diagram (b) shows the junction-to-ambient thermal resistance of the
modules by using thermal grease as TIM2 and diagram (c) shows the junction-to-case











































































Figure 5.8: Comparison of transient characterization results of the modules with different
TIM1. (a) maximum temperature, (b) junction-to-ambient thermal resistance, (c) junction-to-
case thermal resistance
It can be seen in figure 5.8 that the performance of the module with VACNT based TIM
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is slightly behind the performance of the adhesive 1 module with thermal conductivity of
12 W/(m ·K). It is also around six times better than the adhesive 2 module with thermal
conductivity of 2.5 W/(m ·K). The very first module with VACNT based TIM already
showed a thermal performance competitive against state-of-the-art adhesive layers. The
prototypic VACNT based TIM could outperform a common adhesive in terms of ther-
mal impedance and nearly reaches the thermal performance of the silver-filled thermally
enhanced conductive adhesive.
5.3 Conclusion
In this chapter, a further test stand for thermal characterization of materials, packages and
systems based on thermal transient technique has been described. The main advantage
of the developed test stand lies in using a thermal test chip as fully controllable active
device for both heating and temperature measurement. A simple test setup for thermal
characterization at material level has been realized and benchmarked. Another application
for the test stand has been successfully demonstrated within characterization of VACNT
based TIM at module level under real assembly conditions.
Chapter 6
Steady-state test system for
characterization of highly conductive
materials
Material characterization using the TIMA test stand can become difficult if the thermal
conductivity is high. Therefore, another test stand has been developed, which allows both
thermal and electrical characterization of highly conductive materials. Moreover, in con-
trast to the TIMA system this system is also suitable for measurements of strip-shaped
samples. In this chapter the methodology, concept and design of the test stand will be
discussed, which have been supported by FE simulation in order to identify and minimize
parasitic effects.
The test stand has been benchmarked by measuring several well-known materials. Finally,
thermal and electrical conductivities of bulk sintered silver samples sintered under varia-
tion of sintering parameters (pressure and temperature) have been measured. In order to
investigate the correlation between processing, structure and properties, the structure of
samples has been analyzed by scanning electron microscope (SEM).
6.1 Measurement principle
The measurement principle of the test stand is similar to the measurement principle of
the TIMA6 module of the TIMA characterization system (section 4.1), where the sam-
ples are tested between a hot and a cold plate (see figure 4.1). However, this other test
stand is also able to measure the thermal conductivity of samples with a high thermal
conductivity and the lateral thermal conductivity of strip-shaped samples, as well. And,
in contrast to the TIMA test stand, it is not necessary to measure samples with different
geometries in order to determine the bulk thermal conductivity as the thermal interface
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resistance is not included in the calculation.
To determine the thermal resistance of the sample, the temperature gradient along the
sample and the heat flow through the sample have to be measured. The effective thermal
resistance of the sample results from the temperature gradient across the sample and the
heat flow through the sample. The higher the thermal conductivity of the sample, the
lower the temperature gradient. This can be demonstrated by a simple calculation of the
temperature gradient over the sample and the heat flow through the sample as a function
of the thermal conductivity of the sample.
For the calculation, following parameters have been used for TIMA6 configurations:
• Sample thickness, BLT = 100 µm
• Heater temperature, TH = 100◦C
• Cooler temperature, TC = 10◦C
• Thermal conductivity of reference bodies, λ= 380 W/(m ·K)
• Length of reference bodies, LRB = 25 mm












































































Figure 6.1: Temperature gradient over the sample and heat flow through the sample as function
of thermal conductivity of the samples by using the TIMA6 module
It can be seen in figure 6.1 that the temperature gradient over a sample with the thickness
of 100 µm and thermal conductivity above 40 W/(m ·K) is below 0.2 K, which is in the
measurement error level of the temperature sensors which are used here.









































Figure 6.2: Schematic of the test stand LaTIMA
To increase the temperature gradient along the sample and consequently increase the
sensitivity of the steady-state method the following approach has been developed. The
method allows the characterization of the bulk thermal conductivity of highly conductive
materials such as sintered silver, solders, metals and semiconductors. The sample is pla-
ced over two sockets (reference bodies), which are used for measurement of the heat flow.
One socket is fixed on the heater and the other one on the cooler. The temperature gra-
dient across the sample is measured by IR thermography. As the measurement principle
of the test stand bases on the measurement principle of TIMA and allows lateral thermal
conductivity measurement, it has been named LaTIMA which stands for Lateral Thermal
Interface Material Analyzer. Figure 6.2 shows the schematic of the LaTIMA concept.
The same calculation as shown in figure 6.1 has been done with the LaTIMA test stand.
Figure 6.3 shows the temperature gradient over the sample as function of the thermal
conductivity of the sample under the same conditions for TIMA and LaTIMA. It can be
seen that samples with thermal conductivity around 1000 W/(m ·K) at the thickness of
100 µm can be measured by LaTIMA, which is over 100-times higher compared to the
limitation of ASTM D5470 devices.
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Thermal conductivity of the sample
 LaTIMA  TIMA6
Figure 6.3: Comparison of the temperature gradient over the sample as function of thermal
conductivity of the samples by using TIMA and LaTIMA test stand
LIR: length of the field measured by IR camera [m]




Q: heat flow through the sample [W]
∆TIR: temperature gradient along the samples measured by IR camera [K]
The generated heat Q flows through the first reference body, the sample and the second
reference body to the cooler. The reference bodies serve exclusively as heat flow sensors
to measure inlet and outlet heat flow.
6.2 Verification and qualification of the test stand
During the development phase significant differences between the inlet heat flow Qin
measured by the first reference body and the outlet heat flow Qout measured by the
second reference body were noticed. This can be explained by the heat loss on the
surface to environment by radiation and convection. The knowledge of the actual heat
flow Q through the sample is of very high importance for the calculation of the thermal
resistance of the sample. In order to study the heat loss in detail, a parametric FE model
of a simplified test set-up was created (see figure 6.4). The model consists of two reference
bodies (RB) and the sample. The input parameters are:
• Distance between the reference bodies
• Length of the sample
• Width of the sample
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• Thickness of the sample
The temperature at the base of the first RB was kept constant at TH = 120◦C while the
base of the second RB was kept constant at TC = 10◦C. In order to study the temperature
dependence of the heat loss, the temperatures of the RB bases were offset simultaneously
to higher or lower temperatures.
As output of the simulation model, following parameters are derived (figure 6.4 left):
• Inlet heat flow (Qin)
• Outlet heat flow (Qout)
• Heat flow through the sample (Qsample)
• Heat loss due to radiation and convection to the environment of the individual


























Figure 6.4: Simulation model, thermal boundary conditions (left), geometrical parameters
(right)
Using an arbitrary sample, the simulation model was verified by adjusting its thermal
boundary conditions (convection and radiation) to fit the surface temperature of the
samples measured by the IR camera at the same conditions (see figure 6.5).
Using the same simulation model, a design of experiment (DoE) of the boundary condi-
tions and geometrical conditions was performed to investigate heat loss due to radiation
and convection by variation of heat convection coefficient and emissivity as well as sample
geometry and thermal conductivity. An overview of the individual studies is presented in
table 6.1 and the results are shown in figure 6.6.
In the following, the results of all simulation cases are discussed:
• Case 1 represents the real condition of an experiment with an arbitrary sample
(thermal conductivity of the sample λS = 150 W/(m ·K), emissivity ε = 0.5, con-
vection heat transfer coefficien h = 10 W/(m2 ·K)). It can be seen, that only 45%
of the inlet heat achieve the outlet. Around 55% of the heat are lost by radiation






Figure 6.5: Top view of the sample. Temperature distribution from simulation (upper image)
and IR measurement (lower image)
and convection, where 18% by radiation (13.3% at warm side reference body (RB),
0.2% at cold side RB and 4.3% at the sample) and 38% by convection (28% at warm
side RB, 0.5% at cold side RB and 9% at the sample).
• The cases 2, 3 are focusing on the losses by radiation. In the real experiment (case
1), the used reference bodies (RB) are CuZn with an emissivity around 0.51. In case
2 the emissivity was set to 0.1 which can be achieved by coating the RB by gold or
nickel. In case 3 the emissivity was set to 1 as a worst case which can be occurred
by using oxidized aluminium RB. The results show that the losses by radiation are
8% in case 2 and 28% in case 3.
• In the cases 4, 5 and 6 the losses by the convection have been studied. In case 4
the heat convection coefficient has been set to zero, which simulates measurement
in vacuum. It results that the outlet heat flow is 73% of the inlet heat flow and 27%
is lost by radiation (20% at the hot RB and 7% at the sample). In case 5 the heat
convection coefficient was set to 5 W/(m2 ·K) (free convection) whereby the losses
by convection increase from zero to 23%. In case 6 the losses by convection increase
to 28% due to increasing the heat convection coefficient to 15 W/(m2 ·K).
• In the following three cases 7, 8 and 9 the heat loss has been investigated as function
of thermal resistance of the sample. It can be seen that the samples with high
thermal resistance (due to low thermal conductivity or small cross section area)
cause higher heat losses by radiation and convection than samples with low thermal
resistance due to the higher temperature gradient between hot and cold reference
bodies.
• In the last four cases 10 - 13, the influence of the over length of the sample on the
heat losses has been investigated. As it can be seen in figure 6.6, the influence of
1Mastercool, Inc., www.mastercool.com
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Table 6.1: Overview of simulations carried out with objectives and main parameters
Case Objective Parameter
1 Reference Same conditions as used in experiment
2 Influence of radiative loss Emissivity of RB set to 0.1
3 Emissivity of RB set to 1
4 Influence of convective loss Convective heat transfer set to zero
5 Convective heat transfer set to 5 W/(m2 ·K)
6 Convective heat transfer set to 15 W/(m2 ·K)
7 Influence of thermal
resistance of the sample
Thermal conductivity of sample is changed to
50 W/(m ·K) which results in thermal
resistance of 800 K/W
8 Thermal conductivity of sample is changed to
250 W/(m ·K) which results in thermal
resistance of 160 K/W
9 Thermal conductivity of sample is changed to
400 W/(m ·K) which results in thermal
resistance of 100 K/W
10 Influence of sample over
length
Sample over length on both sides is set to 1 mm
11 Sample over length on both sides is set to 5 mm
12 Sample over length on both sides is set to 10 mm
13 Sample over length on both sides is set to 0 mm
sample over length is negligible.
The simulation study has spot out clear opportunities to minimize the disturbing heat
losses and thereby increase measurement accuracy. The lowest losses occur when the ex-
periment is performed in vacuum and the used reference body gets an additional coating
e.g. gold or nickel to obtain a reduction of the emission coefficient.
Measurements under vacuum are time consuming and request costly vacuum equipment.
Therefore, a further approach has been pursued. As temperature, emissivity and heat
convection coefficient of reference bodies and samples are known, the losses by convection
and radiation can be calculated in-situ during the measurement.
To calculate the actual heat flow through the reference body the following equation has
been used:
Q= Qm−QC −QR (6.2)
where, Q is the actual heat flow, Qm is the heat flow measured by RB, QC is the heat
loss by convection and QR is the heat loss by radiation.























































Outlet heat flow Heat losses by radiation Heat losses by convection
Figure 6.6: Simulation results show the ratios of outlet heat flow and heat losses by radiation
and convection to the inlet heat flow
The heat losses by convection QC and radiation QR can be determined by the equations:
QC = h ·A · (TRB−TA) (6.3)
QR = ε ·σ ·A · (TRB4−TA4) (6.4)
where h is the convection heat transfer coefficient, A is the surface area of the reference
body, ε is the emissivity of the reference body surface, σ is Stefan-Boltzmann constant,
TRB is the temperature of the reference body and TA is the ambient temperature.
Using these equations, both heat flows can be corrected, the heat flow measured by the
first reference body (hot side) and by the second one (cold side), respectively. Also
the actual heat flow through the sample can be determined by the same calculation, as
the sample temperature is measured, the geometry is known and the emissivity can be
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estimated.
6.3 Design and realization of the hardware
As shown in figure 6.2 the hardware of LaTIMA test stand consists of heater, cooler and
IR camera. On the heater and the cooler, two reference bodies are fixed to measure the
heat flow. The sample to be measured builds a bridge between the two reference bodies.
The IR camera measures the temperature gradient along the sample.
The heater is a high power immersion heater, which allows heating power up to 80 W and
operation temperatures up to 300◦C. It is fixed on a ceramic plate and can be moved
freely to be able to measure samples with different lengths. The cooler is a special designed





Figure 6.7: 3D model LaTIMA hardware (left), detailed measurement unit (right)
The measurement unit of the test stand is installed in a housing realized by commercially
available aluminium profiles as building kit providing requested mechanical stability and
shielding of forced convection. The IR camera is mounted onto three linear guides. Two
of them are motorized and can be moved automatically.
In addition to the mechanical hardware, an electronics rack has been developed and
realized. It contains two pulse-width modulation units for the heater and cooler, two
motor-controls and a measurement board.
6.4 Measurement of electrical conductivity 116
Measurement and controlling software has been programmed using LabVIEW for acqui-
sition of temperature sensors and IR camera single and for controlling heater, cooler and
stepper motors as well as for the calculation of the measurement value.
6.4 Measurement of electrical conductivity
LaTIMA test stand uses samples in specific geometries that also allow sophisticated elec-
trical conductivity tests in an equivalent manner by laterally applying an electrical current
and measuring the resulting voltage.
For measurement of electrical resistance in µΩ scale, four-terminal sensing with pulse
delta technique is used. The method is realized by using a Keithley 6221 AC sourcemeter
and a Keithley 2182 Nanovoltmeter. The method is illustrated in figure 6.8.
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Figure 6.8: Measuring principle of pulse delta method
As add-on module to the LaTIMA test stand, a test set-up has been designed and reali-
zed. The centerpiece of the test set-up is its temperature stage with integrated computer
controlled thermoelectric cooler (TEC), which allows measurement at temperatures in a
range between room temperature and 120◦C. The sample, which is placed on the tempe-
rature stage, is connected by six needle pins. The two outer pins have been connected to
the AC sourcemeter. The four center pins are used for voltage (sense pins) measurement.
They have been arranged in different distances to detect possible failures and inhomo-
geneities in the sample. The sense pins have been connected to a computer controlled
multiplexer, which allows automatized measurement. Figure 6.9 shows the set-up of the





















Figure 6.9: Set-up of electrical conductivity measurement module
6.5 Characterization results by LaTIMA
6.5.1 Characterization of bulk metals
To verify the functionality of the test stand, different materials with well-known ther-
mal and electrical conductivity have been characterized by the LaTIMA test stand. The
samples, which are aluminium (Al 99.5−F8), copper (Cu−HCP), brass (CuZn 37) and
silver (Ag 99.9) have been cut from market available plates with the geometries shown in
table 6.2.
Table 6.2: Selected samples and their geometries for benchmark measurement
Material Length [mm] Width [mm] Thickness [µm]
Aluminium (Al 99.5−F8) 20 5 500
Copper (Cu−HCP) 20 5 40
Brass (CuZn 37) 20 5 300
Silver (Ag 99.9) 20 5 150
The samples were chosen in different thicknesses to demonstrate the capability of the test
stand to measure materials with different thermal conductivities and geometries.
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Table 6.3 summarizes the results of electrical and thermal conductivity measurements in-
cluding their measurement error. The measurement errors result from the error propaga-
tion with respect to the inaccuracy of temperature measurement, heat flow measurement
and geometry tolerances.
The Wiedemann-Franz law describes a relationship between thermal conductivity and
electrical conductivity of bulk metals. The ratio of thermal conductivity and electrical
conductivity measured at the same temperature is a constant number, which is known as









λ: Thermal conductivity [W/(m ·K)]
T : Measurement temperature [K]
σ: Electrical conductivity [MS/m]
Table 6.3: Thermal and electrical conductivities of the reference samples measured by LaTIMA
and resulting Lorenz numbers




Aluminium (Al 99.5−F8) 230±11 22.6±0.6 (2.26±0.11) ·10−8
Copper (Cu HCP ) 377±20 45.1±1 (2.46±0.20) ·10−8
Brass (CuZn 37) 120±7 14.4±0.5 (2.47±0.15) ·10−8
Silver (Ag 99.9) 429±20 62±1 (2.27±0.20) ·10−8
The results of the electrical and thermal conductivities as well as the calculated Lorenz
number show good consistency with literature values [130].
These results demonstrate the high accuracy of the LaTIMA test stand and establish a
benchmark for measuring the thermal and electrical conductivities of advanced die attach
materials such as sintered silver, which is shown in the following section.
6.5.2 Characterization of sintered silver
Sintered silver is a very promising die-attach technology. Due to the expected relative
high thermal conductivity, it is very difficult to determine the thermal conductivity with
traditional methods. With the LaTIMA test stand, it could be shown that materials with
such thermal conductivity and geometries can be measured.
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Figure 6.10: Thermal and electrical conductivities of the Al, Cu, CuZn and Ag samples
measured by LaTIMA versus literature values
Thermal and electrical conductivity of sintered silver are strongly dependent on the sinte-
ring parameters [131]. To investigate these dependencies, 27 variations of sintered silver
samples have been prepared. The thermal and electrical conductivities have been mea-
sured by the LaTIMA test stand. Finally, the microstructures of the samples have been
analyzed by FIB and SEM to study the correlation between process, structure and pro-
perties.
6.5.2.1 Sample preparation
All samples had the same geometry (length: l = 20 mm, width: w = 5 mm, thickness:
t = 150 µm), which can be easily characterized thermally and electrically using the test
stand LaTIMA .
For each of the 27 sample variants 3 specimens have been built and sintered simultane-
ously in the laboratory of FH-Kiel. These samples have been processed on a standard
ceramic substrate with a certain pressure and heat resistant anti-stick layer.
The requested dimensions (length, width and thickness) have been achieved by applying
a specific mask. After drying, the samples were sintered under pressure and temperature
according to table 6.4.
6.5.2.2 Measurement of thermal conductivity
The total 54 sintered silver samples from 27 variants have been measured using LaTIMA
at a mean temperature of 70◦C. Figure 6.11 shows the results of thermal conductivity
as function of the sintering parameters (pressure and temperature). The left diagram
presents the results of 20 samples sintered under different pressures between 5 MPa and
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Table 6.4: Variations of sintered silver samples
p= 5 MPa p= 10 MPa p= 15 MPa p= 20 MPa p= 25 MPa
T = 200◦C x x x x x
T = 225◦C x x x x x
T = 230◦C x
T = 235◦C x
T = 240◦C x
T = 245◦C x
T = 250◦C x x x x x
T = 255◦C x
T = 260◦C x
T = 265◦C x
T = 270◦C x x x x x
25 MPa at four different temperatures (200◦C, 225◦C, 250◦C and 270◦C).
The results show a huge dependency between thermal conductivity and sintering pressure.
The thermal conductivity values vary between 65 W/(m ·K) for the sample sintered under
5 MPa and 190 W/(m ·K) for the one sintered under 20 MPa at 270◦C, which is an
increase of around 200%.
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(b) λ= f(T )
Figure 6.11: Thermal conductivity of sintered silver as function of sintering pressure and
temperature
The influence of the sintering temperature on the thermal conductivity is shown in the
right diagram of figure 6.11. The samples measured here were sintered under constant
pressure of 25 MPa at 12 different temperatures between 200◦C and 270◦C.
The results show also a correlation between sintering temperature and thermal conducti-
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vity. However, the influence of the sintering temperature on the thermal conductivity is
much less than the sintering pressure. It lies at around 18% at temperatures between
200◦C and 270◦C.
6.5.2.3 Measurement of electrical conductivity
The electrical conductivity of the same samples was measured at a constant temperature
of 70◦C using four-terminal sensing with delta pulse technique (see section 6.4).
Figure 6.12 presents the results of electrical conductivity as function of sintering pressure
and sintering temperature in analogy to the variations in thermal measurements.
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(a) σ = f(p)

























(b) σ = f(T )
Figure 6.12: Electrical conductivity of sintered silver as function of sintering pressure and
temperature
As one can see, both sintering temperature and pressure have an explicit influence on the
electrical conductivity of the sintered silver. Indeed, the influence of the sintering pressure
is much higher than the influence of the sintering temperature, which also corresponds to
the results of thermal conductivity measurement.
From the results of thermal and electrical conductivity measurements, the Lorenz number
L has been calculated for all samples according to equation 6.5. The results are shown
in figure 6.13. It can be seen that the Lorenz number for almost all samples lies in the
range of expected theoretical values for bulk metals.
6.5.2.4 Structure analysis of sintered silver samples
To investigate the influence of sintering parameters on the microstructure of the sintered
silver and its correlation to the measured thermal and electrical properties, all samples
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Figure 6.13: Lorenz number L of silver sintered samples
have been cross sectioned by FIB. Without any preparation, the samples have been cut
by FIB and the microstructures have been analysed by SEM as can be seen in figure 6.14.
25µm
5µm1µm
Figure 6.14: Process flow of FIB and SEM investigation of sintered silver samples
To derived a structure-property correlation, it has been focused on the porosity of the
sintered silver layer. Since the dense/porosity is the prime parameter for thermal and
electrical properties and the particle shape and grain-size can be neglected.
The porosity has been determined using an image processing by converting the images to
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binary images by using a threshold value and measuring the ratio between them. This
approach of porosity determination from the polished 2D-image should produce suitable
results if the pores are arbitrarily orientated and the specimens are large enough for aver-
aging. However, the accuracy of the porosity determination using this approach is also
dependent on the contrast of the SEM images.
Figure 6.15 shows two exemplary SEM images, one with relatively high contrast (left) and
the other with lower contrast. The calculated porosity is more accurate for the image with
higher contrast. The determination errors of the porosity have been taken into account
in the correlation analysis. Generally, it can be said, that the porosity of highly porose
samples can be analysed easier than lower porose samples.
SEM Image with high contrast SEM Image with low contrast
Clear result (Porosity = 16.7%±0,5%) Unclear result (Porosity = 4%±2%)
Figure 6.15: Determination of porosity using image processing software
Figures 6.16 - 6.19 show the microstructure of the sintered silver samples. The images are
sorted in four groups. In figure 6.16, SEM images of the samples sintered under different
pressures between 5 MPa and 25 MPa at constant temperature of 200◦C can be seen. The
porosity of these samples varies between 22% and 5%.
In the second group (figure 6.17), the SEM images of the samples sintered also under
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T=200°C/ p=10 MPa T=200°C/ p=15 MPaT=200°C/ p=5 MPa
T=200°C/ p=20 MPa T=200°C/ p=25 MPa

















Figure 6.16: SEM images of sintered silver (porosity as function of sintering pressure at 200◦C
sintering temperature)
pressures between 5 MPa and 25 MPa but at constant temperature of 225◦C can be seen.
The porosity of these samples varies between 15% and 5%.
T=225°C/ p=10 MPa T=225°C/ p=15 MPaT=225°C/ p=5 MPa
T=225°C/ p=20 MPa T=225°C/ p=25 MPa

















Figure 6.17: SEM images of sintered silver (porosity as function of sintering pressure at 225◦C
sintering temperature)
The porosity of the samples sintered under pressures between 5 MPa and 25 MPa but at
constant temperature of 250◦C (figure 6.18) and at constant temperature of 270◦C (figure
6.19) varies between 14% and 4%.
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T=250°C/ p=10 MPa T=250°C/ p=15 MPaT=250°C/ p=5 MPa
T=250°C/ p=20 MPa T=250°C/ p=25 MPa

















Figure 6.18: SEM images of sintered silver (porosity as function of sintering pressure at 250◦C
sintering temperature)
T=270°C/ p=10 MPa T=270°C/ p=15 MPaT=270°C/ p=5 MPa
T=270°C/ p=20 MPa T=270°C/ p=25 MPa

















Figure 6.19: SEM images of sintered silver (porosity as function of sintering pressure at 270◦C
sintering temperature)
The diagrams in figure 6.20 summarize the porosity as function of sintering pressure and
sintering temperature. It can be seen, that the sintering pressure has more influence on
the micro structures of sintered silver than the sintering temperature. This knowledge
confirms the results of the thermal and electrical conductivities of the same samples, which
have been shown in figure 6.12.
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Figure 6.20: Porosity as function of sintering pressure and sintering temperature
6.5.2.5 Process-structure-properties correlation of sintered silver
The results of thermal and electrical characterization of sintered silver samples performed
by the test stand LaTIMA showed dependency between thermal and electrical conducti-
vity and sintering parameters (see figures 6.11 and 6.12).
The structure analysis of the sintered silver shows also correlation between sintering pa-
rameters and porosity (figure 6.20).
From both investigations, a correlation between process, structures and properties can
be established. In figure 6.21, the results of the electrical and thermal conductivities
for all sintered silver samples are plotted over the corresponding porosity. Unambiguous
correlation can be found between material properties and structures, which result from
processing parameters.


































Figure 6.21: Thermal and electrical conductivity as function of porosity of sintered silver
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However, the results show unexpected values for thermal and electrical conductivity if
extrapolating to porosity of 0%. For thermal conductivity there results a value of around
200 W/(m ·K), while the expected value for bulk silver is 429 W/(m ·K). The method
and its accuracy could seem doubtful by these results, however this doubt can be elimi-
nated by the following arguments:
• The test stand has been benchmarked by measuring well known reference samples
• Bulk silver sample has been measured thermally and electrically by LaTIMA, the
obtained results agreed very well with the literature values
• The extrapolated electrical conductivity of the sintered silver to 0% porosity is
26 MS/m instead of the expected 62 MS/m for bulk silver.
• The calculated Lorenz number from the thermal and electrical conductivity extra-
polated to 0% porosity is 2.28 · 10−8 W ·Ω/K2, which fits very well to the Lorenz
number of bulk silver (see table 6.3)
There are two explanations for these unexpected results. The less probable one is that
the way of porosity measurement is incorrect, as the used approach analyzed 2D images
but the porosity is a 3D effect.
The more probable explanation is based on the fact, that the used sinter paste consists
of nano silver particles. These nano silver particles are covered by organic layer, which
is normally decomposed during the sintering process but for those samples the organic
materials did not fully decompose.
6.6 Conclusion
In this section, an innovative test stand for thermal and electrical conductivity measure-
ment of highly conductive materials has been presented. The idea, concept and realization
of the test stand have been discussed. The design of the test stand and possible error
sources have been analysed and studied both analytically and by FE simulation. As ben-
chmark for the developed test stand, several well known samples have been characterized
electrically and thermally by the test stand. The results show very high agreement with
the literature values of these materials.
Finally, to investigate the influences of processing parameters on thermal and electrical
properties of sintered silver, an extensive systematic study of sintered silver has been
performed. Several sintered silver samples have been prepared under different sintering
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conditions. Sintering temperature was varied between 200◦C and 270◦C and the sinte-
ring pressure between 5 MPa and 25 MPa. The obtained results for thermal conductivity
are between 65 W/(m ·K) and 190 W/(m ·K) and between 5 MS/m and 25 MS/m for
electrical conductivity. To complete the story of the processing-structure-property corre-
lation, the microstructure of the sintered silver samples has been analyzed by FIB and
SEM. They show a clear dependency between the sintering parameter and the porosity of
the structures, which is also in correlation with the thermal and electrical conductivities.
Chapter 7
Transient test stand for thermal
diffusivity measurement
This chapter deals with the development of a test stand for thermal diffusivity measure-
ment based on Ångström’s method. The theoretical background of the method will be
explained in detail followed by a study of the effect of heat losses of the results and ways
to overcome them. Further, the implantation of the method in a test stand will be shown.
The test stand can be integrated into the hardware of the test stand LaTIMA, which
has been developed for the measurement of thermal conductivity of highly conductive
materials (see chapter 6). Finally, results of thermal diffusivity measurement for several
materials will be shown and discussed.
7.1 Methodology
The measuring principle of the test stand is based on the thermal wave theory. Therefore
the test stand has been named TIMAwave.
Modulated heating at x=0
T=constant
x
1D damped thermal wave along the 








Figure 7.1: Damped Thermal wave
By heating a surface, damped and dispersive waves arise inside the material. These waves
are called thermal waves. The Swedish physicist A. J. Ångström (1814-1874) investigated
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among others thermal waves in semi-infinite samples and described a method for deter-
mination of thermal conductivity [132]. Periodically modulated heat with a modulation
frequency ω is applied onto one end of a semi-infinite sample, while the other end is kept
in a constant temperature (figure 7.1).
The modulated heat flow through the sample results in the form of a one-dimensional







The equation 7.1 can be reduced by the substitution








Using the exponential substitution
u(x) = A · e−Bx, (7.4)
in equation 7.3 leads to
∂2u
∂x2
= A ·B2 · e−Bx, (7.5)
Substituting equations 7.4 and 7.5 in equation 7.3 results in
A ·B2 · e−Bx = iω
α






Integration of term B from equation 7.7 in the exponential substitution (equation 7.4)
leads in










Through the back substitution of u(x), which results in equation 7.9, in equation 7.2 we
get:
T (x, t) = A · e−x(1+i)
√
ω
2α · eiωt (7.10)









2α = k, (7.12)
which is the wave number. Substituting equation 7.12 in equation 7.11 results in:
T (x, t) = A · e−kx · ei(ωt−kx) (7.13)
= A · e−kx · (cos(ωt−kx)+ isin(ωt−kx)) (7.14)
The solution of the equation 7.14 at the heat excitation x= 0 must be real and given as:
T (t) = A · cos(ωt) (7.15)
Thus, the damped thermal wave along the samples is also real, so equation 7.14 can be
reduced to:
T (x, t) = A · e−kx · cos(ωt−kx) (7.16)
The equation of the damped thermal wave (7.16) for the steady-periodic temperature has
three important properties which are:
i. The amplitude of the temperature oscillation diminishes exponentially like:




Its damping rate is dependent on the modulation frequency ω.
ii. The phase φ of the temperature wave lags progressively. The lag increases with the
modulation frequency ω




iii. The temperature fluctuations are propagating into the sample with the velocity v
v = µ ·ω = Λ · ω2pi =
√
2 ·ω ·α (7.19)
7.1 Methodology 132
Where µ is thermal diffusion length, Λ is wave length and α is thermal diffusivity.
It results from equations 7.17, 7.18 and 7.19 that the thermal diffusivity α can be deter-
mined by the measurement of the amplitude or phase of the thermal wave field in the
sample length x or of the velocity of propagation v.
An analytical calculation of the oscillated amplitude at different positions along a semi-
infinity sample will be shown here to visualize the diminishing of the amplitude and the
shifting of the phase.
Following parameters have been used for the calculation:
• Oscillation frequency: ω = 2 Hz
• Oscillation amplitude: ∆T = 1 K
• Thermal diffusivity of the semi-infinity sample: α= 100 mm2/s
The wave number k can be calculated form the equation k =
√
ω
2·α = 0.1 mm
−1. The
thermal diffusion length is µ= 1/k = 10 mm.
Figure 7.2 visualizes the thermal wave field as function of time and sample length x. It can
be seen that the temperature oscillates with the full amplitude at x = 0 and diminishes
along the semi-infinity sample.
Figure 7.2: Thermal wave field as function of time and sample length
Figure 7.3 shows the temperature oscillation at different positions along the sample. It
can be seen that:
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• at x = 0 the amplitude is 100% of the start amplitude and there is no phase shift,
• at x = µ/2= 5 mm the amplitude is 61% of the start amplitude and the phase shift
is 0.5 rad,
• at x = µ= 10 mm the amplitude is 37%= 1/e of the start amplitude and the phase
shift is 1 rad and
















































Figure 7.3: Left: schematic of a semi-infinity sample; right: temperature oscillation at different
positions along the semi-infinity sample
Plotting the values of the oscillation amplitude and the phase shift over the sample length
(figure 7.4) results in natural logarithmic dependency between the amplitude and the
sample length and linear dependency between phase and sample length. The absolute
values of both slopes (amplitude and phase over sample length) are the wave number
k = 0.1 mm−1 which is the same number used as input parameter for the calculation.
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Figure 7.4: Left: temperature oscillation amplitude as function of the sample length x; right:
phase shift as function of the sample length x
7.1.1 Influence of heat losses of thermal diffusivity measurement
by TIMAwave
The calculation in the previous section shows that the wave number k determined from
the amplitude and phase is the same. However, this is valid only for the ideal case, where
there is no heat loss along the sample. For the real case the total heat Qtot [W], which
flows through the sample is the input heat Qin [W] reduced by the rate of heat losses
Qloss [W]
Qtot = Qin−Qloss (7.20)
where:
• The rate of total heat flow in the sample Qtot is:
dQtot = A · c ·ρ · ∂T
∂t
·dx [W ] (7.21)
where A is the cross section area of the sample, c is the heat capacity and ρ is the
density.
• The rate of the input heat through the sample Qin is:
dQin = A ·λ · ∂
2T
∂x2
·dx [W ] (7.22)
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with λ the thermal conductivity.
• The rate of the heat loss at the sample surface Qloss is:





is surface conductance, T is the sample temperature, T0 the
ambient temperature and G is the perimeter of the sample [74].
Putting equations 7.21, 7.22 and 7.23 in equation 7.20 we get
A · c ·ρ · ∂T
∂t
·dx= A ·λ · ∂
2T
∂x2









ρ · c ·A · (T −T0) (7.25)
With:
• λc·ρ = α, which is the thermal diffusivity
• H·Gρ·c·A = ν, heat loss factor and
• T0 = 0
equation 7.25 results in
∂T
∂t




It can be seen that the differential equations 7.26 and 7.1 differ by the term ν ·T . So
the equation 7.1 describes the ideal case, where no heat loss occurs, while equation 7.26
covers the heat loss at the sample surface.
By solving the differential equation 7.26 using the same substitution used for equation 7.1








The differential equation 7.28 can be solved analog to equation 7.3. It yields for the wave







The real part results from the amplitude <(k) = kamp and the imaginary part results
from the phase =(k) = kpha. With
k = kamp+ ikpha (7.30)





















It can be seen in equations 7.31 and 7.32 that thermal losses influence both kamp and
kpha, which results in a wrong thermal diffusivity [133].
To calculate the thermal diffusivity α, the geometric mean of the wave number of the
amplitude kamp and of the phase kpha are needed which provide the great advantage of


































2 ·α = k (7.37)
7.1.2 Lock-in processing for determination of amplitude and
phase information
For the determination of the amplitude and the phase of the thermal wave field in the sam-
ple, the lock-in thermography can be used. Usually the lock-in is the technique of choice,
if signals have to be extracted, which are superimposed by statistical noise. Prerequisite
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to using this techniques is that the primary signal can be periodically pulsed or anyhow
else amplitude-modulated with a certain frequency called "lock-in frequency" fli. The
aim of the lock-in principle is to evaluate only the oscillating part of the detected signal.
Mathematically, the lock-in signal process (usually called lock-in correlation procedure)
can be described as multiplication of the detected signal F (t) by a noise-free correlation






F (t) ·K(t) dt (7.38)
Where:
tint: Integration time
F (t): Detected signal
K(t): Correlation signal
Often, the input signal F (t) has to be digitized to a set of numbers F (k) using Analog-
Digital-Converter (ADC), as the lock-in correlation procedure is performed numerically.
For this reason, the correlation function K(t) has to be replaced by a set of numbers
K(k) and the continuous singal S equation 7.38 becomes a discrete function, which is
the averaging of the product of the measured values F (k) and a set of weighting factors






F (k) ·K(k) (7.39)
This analysis is called one-channel lock-in process. To determine the amplitude and
phase information of an oscillated signal (e.g oscillated temperature field) the so called
two-channel lock-in process is required [136].
Two-channel correlation means that there are two sets of reference signals Kj , one approx-
imating the sin-function, and the other one approximating the cosine one. The correlation
is performed twice in parallel with these two sets. Then the first channel measures the
component of the signal in-phase with the sin-function, and the other channel measures the
component in-phase with the cos-function, which is 90◦ phase-shifted to the sin-function
and usually called out-of-phase component.
Assumed are an amplitude of the detected signal A and its phase φ, so the detected signal
F (t) is given as:
F (t) = A · sin (2pi ·fli · t+φ) (7.40)
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and the two correlation signals K0 and K90 are given as:
K0(t) = 2 · sin (2pi ·fli · t) (7.41)
K90(t) = 2 · cos (2pi ·fli · t) (7.42)
Substituting equations 7.40, 7.41 and 7.42 into equation 7.38 leads to equations 7.43 and
7.44 for the lock-in signals:
S0 = A · cos (φ) (7.43)








Figure 7.5: Visualization of the lock-in signals S0 and S90 in the complex plane where the
amplitude A and the phase φ can be calculated.
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7.2 Design and realization of TIMAwave test stand
For the realization of the TIMAwave test stand the following components are needed:
• Sample holder with steady state heater
• Modulated heat source
• Infrared camera to measure the surface temperature field of the sample over time
• Electronics for controlling the modulated and steady-state heaters
• Lock-in processing for the calculation of the amplitude and the phase information.
The sample holder has been designed with integrated induction heater to allow characteri-
zation at different temperatures between room temperature and 300◦C. For the modulated
heating a laser diode with 1.6 W optical outpot power has been selected. In contrast to
contact heater, the laser does not have a thermal mass and can be modulated laser with
high frequency. The heatable sample holder as stand-alone module and the laser diode





















Figure 7.6: Left: schematic of TIMAwave test stand; Right: picture of the set up
Figure 7.6 shows the schematic of the TIMAwave setup. Both ends of the semi-infinite
sample are placed on the heatable sample holder. Using the laser diode, the sample can
be heated in the center by modulated power, which is controlled by lock-in process.
An IR camera which has also been connected to the lock-in process provided thermal ima-
ges of the samples surface. Finally, the amplitude and the phase information of the 1D
damped thermal waves from the center of the sample to both ends have been determined,
whereof the thermal diffusivity of the sample has been calculated.
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7.3 Thermal characterization by TIMAwave
7.3.1 Interaction between sample dimensions and measurement
parameters for TIMAwave test stand
To fulfill the requirements of the one-dimensional thermal wave model, the thermal dif-






should comply with the boundary conditions related to the sample dimensions, length l,
width w and thickness d.
• Sample length l: To fulfill the requirements that the temperature oscillation T (x)
will be damped within the sample, the thermal diffusion length µ must be much
shorter than the sample length l.
µ << l
If this is not the case, the thermal wave will reflect at the sample end. This can
break the linear behavior of the phase and logarithmic amplitude along the sample
and distorts the measurement results.
• Sample width w: The width of the sample must be less or equal to the thermal
diffusion length µ to ensure the one-dimensional wave propagation
µ > w
• Sample thickness d: The temperature gradient and associated heat flux over the
sample thickness is negligible for thermally thin samples. A sample is considered
thermally thin if its thickness is much shorter than the thermal diffusion length µ
[133]
µ >> d
The three requirements above can be consolidated to a recommendation of sample dimen-
sion relations of 10 : 1 : 0.5 (l : w : d).
7.3.2 Thermal diffusivity measurement by TIMAwave
To verify the functionality of the TIMAwave test stand, the thermal diffusivity of several
materials has been measured. The thermal diffusivity α is calculated according to the
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theory described above from the geometric mean of the wave number of the amplitude
kamp and of the phase kpha.
The selected test samples are strips of bulk materials from different material classes (me-
tals, ceramics and semiconductors) with a wide range of thermal diffusivity. The samples
are listed in table 7.1. For each of these samples, the suitable measurement frequency has
been chosen based on the sample geometry and expected diffusivity.
Table 7.1: Selected samples for benchmark measurement with the test stand TIMAwave
Material Material class Thickness [µm]
Aluminium (Al 99.5) Metal 500
Copper bulk (Cu) Metal 300
Copper film (Cu-HCP) Metal 35
Silver (Ag 99.9) Metal 150
Brass (CuZn 37) Metal alloy 300
Silicon (Si) Semiconductor 300
Doped silicon (D-Si)* Semiconductor 230
Aluminium-nitride (AlN) Ceramics 1000
Aluminium-oxide (Al2O3) Ceramics 670
Silicon-nitride (Si4N3) Ceramics 320
* Orientation: 100 / Dopant: phosphor / Resistivity: ≈ 5 Ω · cm
As shown in figure 7.7, plotting a line scan of amplitude and phase images over the sample
length results in wave number k.















Figure 7.7: Top view of the sample showing amplitude and phase images. The phase and the
natural logarithm of the amplitude behave linearly to the sample length
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The slopes of both curves (left and right of the laser spot) are identical. However, as
expected, there is a slight variation between the slopes of the amplitude and phase due
to the heat losses by convection and radiation.
The results of the thermal diffusivity are shown in table 7.2. It can be seen, that the
thermal diffusivity calculated from the amplitude αA is lower than that calculated from
the phase αP . This result confirms the theory described in section 7.1.1.
Table 7.2: Results of thermal diffusivity measurement of several materials from different classes.
αA: thermal diffusivity calculated from the amplitude. αP : thermal diffusivity calculated from

















Aluminium-oxide (Al2O3) 6.6 ± 0.7 6.7 ± 0.7 6.7 ± 1.1 8.5 ± 1.5
Brass (CuZn 37) 25.2 ± 1.2 29.2 ± 1.9 27.1 ± 2.5 31 ± 8*
Silicon-nitride (Si4N3) 26.5 ± 3.1 35.7 ± 1.6 30.7 ± 5.1 29 ± 4
Doped silicon (D-Si) 39.3 ± 1.5 41.8 ± 2.0 40.6 ± 3.0 40 ± 10**
Aluminium-nitride (AlN) 67.9 ± 0.8 73.6 ± 5.4 70.7 ± 4.8 75 ± 10
Aluminium (Al 99.5) 83.9 ± 7.5 91.3 ± 8.3 87.5 ± 8.7 88 ± 2
Silicon (Si) 84.6 ± 2.0 90.0 ± 2.0 87.2 ± 3.4 80 ± 4
Copper film (Cu-HCP) 88.4 ± 2.5 104 ± 7.9 96.0 ± 11 NA
Copper bulk (Cu) 105 ± 3.2 115 ± 2.1 110 ± 5.5 112 ± 5
Silver (Ag 99.9) 161 ± 6.9 173 ± 7.1 167 ± 10 165 ± 5
* Large dispersion in literature references due to the degree of alloying
** Large dispersion in literature references due to the degree of doping
The correct values for thermal diffusivity α can be calculated from the geometrical mean




Figure 7.8 shows the results of thermal diffusivity of the samples measured at room tem-
perature.
The thermal diffusivity of the samples has also been measured at different temperatures.
The semiconductors show the strongest temperature dependency of thermal diffusivity.
The thermal diffusivity of pure silicon shows a remarkable drop from 89 mm2/s at 30◦C to
39 mm2/s at 200◦C. Also the thermal diffusivity of doped silicon declines from 40 mm2/s
at 30◦C to 22 mm2/s at 200◦C (see figure 7.9).
In contrast to semiconductors, thermal diffusivity of metals shows a smaller dependency
on the temperature. This was expected since the thermal conductivity on semiconductors
is primarily due to the transmission of lattice vibrations at these temperatures while it
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Figure 7.8: Results of thermal diffusivity of different samples measured by TIMAwave test
stand
is mostly due to electrons in metal. The limiting factor of the thermal conductivity of
semiconductors is therefore phonon-phonon scattering, which is strongly dependent on
the temperature [137].
Figure 7.9: Thermal diffusivity of pure silicon and doped silicon as function of temperature
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7.4 Conclusion
In this chapter, the test stand TIMAwave for thermal diffusivity measurement of bulk
samples based on Ångström’s method has been presented. At first, the theoretical back-
ground and the derivation of thermal diffusivity from the equation of a one-dimensional
damped thermal wave have been discussed. Further, the influence of heat losses by con-
vection and radiation on the measurement accuracy have been discussed. It has been
shown how to overcome these influences.
As the method is based on IR thermography, from which amplitude and phase information
can be extracted by lock-in processing, the lock-in principle has been briefly introduced.
Finally, the test stand with respect to the instructions of the methodology has been
designed and realized. To demonstrate the functionality and accuracy of the test stand,
thermal diffusivity of several samples from different material classes has been measured.
In addition, the thermal diffusivity of two silicon types (low and highly doped) have been
measured at different temperatures between 25◦C and 200◦C.
Chapter 8
Conclusions and outlook
This work dealt with development of innovative techniques for thermal characterization
of almost all materials used in electronic packages. Based on analysis of thermal materials
and thermal management techniques, two steady-state and two transient measurement
techniques and corresponding test stands have been developed and realized within this
work, which, in their entirety, enable the characterization of almost all package materi-
als under desired boundary conditions. In addition to the development, realization and
verification of these measurement systems, a number of material science questions were
investigated, which become possible because of the improved measurement techniques. In
the following the main results are summarized.
The first realized test system (named TIMA) is a steady-state test stand, which was deve-
loped primarily for the characterization of thermal interface materials. The test stand has
been designed as modular platform, which enables integration of different measurement
modules for characterization under different boundary conditions such as contact surface
finish, temperature, pressure or long term stability.
To increase the measurement accuracy and resolution of the test stand, the error criteria
have been identified by systematic studying of accuracy and limitation of the test stand.
It turned out from the error calculation that over 80% of the measurement error is cau-
sed by the error of the temperature measurement. It could be shown that the smallest
measurable thermal resistance with a measuring accuracy of 10% is 10 mm2 ·K/W. Ho-
wever, this limit could be exceeded by an innovative approach. Through the reduction of
the ratio of cross section area of sample and contact medium to 1/10, the measurement
range of steady state technique can be extended to measure thermal resistance down to
1 mm2 ·K/W, which is around 10 times lower than the thermal resistance measured by
commercial equipment for the same measurement accuracy.
To demonstrate the functionality and the capability of the developed test stand, several
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properties of different classes of materials have been characterized and discussed. In the
following some results are listed:
• Effective thermal conductivity of filled thermal grease increases at BLT below three
times of the particle size. This phenomenon is a size effect and can be explained
in such a way that the particles have better contact to surfaces and to each other.
Furthermore, the number of internal interfaces is smaller, which leads to an addi-
tional improvement of the thermal path. This effect does not occur in the case of
unfilled greases, which was confirmed by measuring unfilled dicyandiamide. This
study will help material manufacturers and users to select the appropriate size of
filler particles for a specific application.
• Bulk thermal conductivity increases with increasing volume fraction of particles,
however it showed a non-linear dependency. It could be shown in an example that
increasing particle volume fraction from 45 vol% to 50 vol% resulted in only 25%
increasing the thermal conductivity, while increasing the particle volume fraction
from 40 vol% to 45 vol% led to 120% higher thermal conductivity. This investigation
has shown that there is a threshold for the particle volume fraction above which there
is no major improvement in the thermal property.
• Bulk thermal conductivity of a filled adhesive is temperature dependent, the higher
the temperature the lower is the thermal conductivity. Bulk thermal conductivity
of the measured sample at 80◦C is around 20 % lower than the value measured at
40◦C.
• Liquid metal can eliminate the thermal interface resistance and allows measuring
bulk thermal conductivity of solid samples by the TIMA test stand, even if the
material is available in only one thickness. This has been demonstrated by charac-
terization of FR4, LTCC and Al2O3 substrates.
• It has been shown that the test stand TIMA is able to measure thermal conductivity
of a single via in a substrate. Thermal conductivity of λvia = (295 ± 10) W/ (m ·K)
for 300 µm sintered Ag via in 400 µm LTCC substrate has been measured, which is in
the expected range. Such investigations are novel and have never been successfully
performed with a steady-state technique before.
• The heat transfer coefficient between aluminium plate and aluminium sheet as
function of the pressure and surface roughness has been measured by the TIMA
test stand.
The second test stand developed and realized within this work has been named Trans-
TIMA, as it can be used for characterization of TIM layers by means of a transient
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technique. The main idea of the test stand lies in using a thermal test vehicle (developed
and realized within this work) as fully controllable active device for both heating and
temperature measurement. A simple test setup consisting of heat sink and thermal test
vehicle has been realized for measurement of thermal interface materials. To benchmark
the test stand, the thermal impedance of the test setup with a commercial grease at three
different bond line thicknesses (BLT) has been measured. The bulk thermal conductivity
of the grease measured by TransTIMA fits very well to that measured with the steady-
state test stand TIMA.
The TransTIMA approach has been successfully used for the characterization of vertically-
aligned carbon nanotube (VACNT) TIM within a package under real assembly conditions,
which was never done before. The tested package has normally a MMIC chip. Due to
the fact, that MMIC chip cannot be used as active device for thermal transient charac-
terization, the MMIC chip has been replaced by the Thermal Test Chip. The thermal
impedance of the package with VACNT as TIM has been measured and compared with
similar packages used different adhesives as TIM. It has been shown that the prototypic
VACNT TIM could outperform a common adhesive in terms of thermal impedance and
nearly reaches the thermal performance of a silver-filled thermally enhanced conductive
adhesive.
The investigations have shown that the thermal conductivity of VACNT still has great po-
tential for improvement. The thermal conductivity is still at least two orders of magnitude
below the thermal conductivity of CNT. This is mainly due to the interface between CNT
and heat sink as well as due to the non-uniformity of the CNT length. This knowledge
confirms that such materials should only be investigated in the package. The approach
developed within this work makes this possible.
A third test stand (LaTIMA) has been developed and realized within this work for the
characterization of highly thermal conductive materials such as pure metals, metals alloys,
ceramic substrate, die attach materials etc. Such materials cannot be measured with the
steady-state test stand TIMA due to the low temperature gradient at the sample. To get
around this, the LaTIMA test stand was designed to allow heat flows in-plane the sam-
ple instead of cross-plane to have a higher temperature gradient. For this the specimens
should be in a strip bar shape, which is easy to realize with metals, metal alloys and
substrates.
The design of the test stand has been supported by FE-simulation in order to recognize
and minimize parasitic effects, which is essential for this type of setups. The test stand
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has been benchmarked with materials with well-known thermal conductivity, the results
fit very well with the literature values of these materials.
The most important characterization performed by this test stand was a systematic study
of sintered silver to investigate the correlation between process, structure and property of
sintered silver. 27 variations of sintered silver samples have been prepared under different
sintering conditions. Sintering temperature was varied between 200◦C and 270◦C and the
sintering pressure between 5 MPa and 25 MPa. Thermal and electrical conductivities of
these samples were measured. The obtained results for thermal conductivity are between
65 W/(m ·K) and 190 W/(m ·K) and between 5 MS/m and 25 MS/m for electrical con-
ductivity. Finally, the microstructure of the sintered silver samples has been analyzed by
FIB and SEM. The results showed a clear correlation between the sintering process, the
porosity of the structures and the thermal and electrical conductivities.
From the results of thermal and electrical conductivities, the Lorenz number has been
calculated according to the Wiedemann-Franz law, and it has been found out, that the
Wiedemann-Franz law is also valid for sintered silver and not only for bulk metals. The
determined Lorenz number for almost all sintered samples lay in the range of expected
theoretical values for bulk metals.
Material manufacturers, users and scientists alike benefit from this type of characteriza-
tion, which the LaTIMA test stand makes possible. With minor effort in sample prepa-
ration and without the use of complicated measurement techniques, the process property
correlation of new sintered materials or new metal alloys can be studied with high accu-
racy (< 5%).
Another test stand was developed and realized within the scope of this work by extending
the hardware of the test stand LaTIMA. The test stand, which is based on Ångström’s
method, measures the thermal diffusivity of the same samples whose thermal conductivity
is determined with LaTIMA test stand. Through this innovative application, the thermal
diffusivity and thermal conductivity of the same sample can be determined simultane-
ously in the same hardware, from which the volumetric heat capacity of the samples can
be determined.
It has been shown how the heat losses by convection and radiation can be eliminated to
increase the measurement accuracy. Thermal diffusivity of several materials (pure me-
tals, metals alloys, substrate and semiconductors) have been measured as function of the
temperature to demonstrate the functionality and accuracy of the test stand.
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In summary, it can be said that the thermal characterization of materials with regard to
the thermal management of miniaturized and high-performance micro-systems requires
thermal measurement techniques that take into account the specifics of the materials and
their application conditions in an adequate way.
With the four measurement methods and the corresponding test stands developed, re-
alized and exemplarily applied within this thesis, a substantial contribution was made.
These test stands, in their entirety, allow determination of thermal material data of al-
most all relevant materials in electronic packages in a fast, easy and accurate way.
Numerous practice-relevant examples have shown that quite different special but decisive
effects can be investigated, which is not the case with available standard methods.
A certain completion has been reached through this work in the field of steady-state and
transient thermal characterization. This type of characterization methods will be used in
science and industry for many years to come. Beside this, also non-contacting thermal-
optical methods and especially laser-based methods (TDTR, FDTR etc.) will move more
and more into the focus of research in future, as they open up many additional possibilities
for material scientists.
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Theses
1. Thermal management becomes increasingly important in electronic industries due
to miniaturization and rising of power dissipation.
2. Around 80% of the total thermal resistance of a standard electronic package mounted
onto a heat sink is attributed to thermal interface materials.
3. The thermal interface resistance of two media with surface roughness of 2 µm can
be decreased by a factor of 10 by filling the gap with a thermal interface material.
4. The measuring systems for thermal material characterization have to be designed
and developed in such a way that they enable to take into account specific applica-
tion conditions.
5. Accuracy of temperature measurement has the largest influence on the measurement
error of test equipment based on steady-state technique.
6. ASTM standard D5470 can be extended by using a thermal test chip to characterize
the TIM under real application condition.
7. A thermal test chip consisting of heater and temperature sensor can be fabricated
using only one titanium layer and provides uniform temperature distribution and
accurate temperature measurement.
8. Heat losses by convection and radiation along the reference bodies of the steady-
state technique based on ASTM standard D-5470 is negligible for temperatures
below 100◦C.
9. Commercial steady-state techniques based on ASTM standard D-5470 are limited
to thermal resistance between 10mm2 ·K/W and 1000mm2 ·K/W. However, the
novel steady-state techniques based on ASTM standard D-5470 enable to measure
thermal resistance down to 1mm2 ·K/W.
10. Filled thermal grease has size effect, its effective thermal conductivity increase at
thickness below the triple diameter of the particles.
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11. Increasing particle volume fraction in a particle-filled TIM leads usually to non-
linear increase of thermal conductivity of the TIM.
12. Bulk thermal conductivity of a substrate can be measured by a modified steady-state
technique based on ASTM standard D-5470, even if it exists in only one thickness.
13. Thermal conductivity of a single via in a substrate can be determined by a modified
steady-state technique based on ASTM standard D-5470.
14. Thermal impedance technique can also be used for TIM characterization at material
level by using thermal test chip as active device.
15. Thermal property of VACNT based TIM is strongly process dependent and must
not be measured on material level.
16. The novel modifications of the steady-stated technique allows to measure thermal
conductivity of highly thermal conductive materials, particularly of sintered silver.
17. Thermal and electrical conductivities of sintered silver are highly dependent on sinter
parameters. Sinter pressure has more influence on thermal and electrical properties
than sinter temperature.
18. There is a clear correlation between process, structure and property of sintered
silver.
19. The Wiedemann-Franz law is valid not only for bulk metals but also for sintered
mono metals.
20. Steady-state method and Ångström’s method can be combined in one test procedure
allowing simultaneous measurement of the thermal conductivity and diffusivity of
the same samples.
21. Losses due to convection and radiation lead to underestimation of the calculated
thermal diffusivity from the amplitude and overestimation of the one calculated
from the phase. But this can be compensated.
22. The measurement procedures and test stands developed enable, in their entirety, the
determination of thermal material data of almost all relevant materials in electronic
packages in an appropriate, fast, easily applicable and accurate way.
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